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Summary 

Studies have Indicated thai oligodendrocyte* In the 
spinal cord originate from • ventral progenitor do- 
main defined by expression of the oligodendrocyte- 
determining bHLH proteins Oligl and Olig2. Here, we 
provide evidence that progenitors In the dorsal spinal 
cord and hindbrain also produce oligodendrocyte* 
and that the specification of these cell* may result 
from a dorsal evasion of BMP signaling over time. 
Moreover, we show that the generation of ventral oli- 
godendrocytes in the spinal cord depends on Nkx6.1 
and Nkx6J2 function, while these homeodomain pro- 
teins in the anterior hindbrain instead suppress oligo- 
dendrocyte specification. The opposing roles for Nkx6 
proteins in the spina) cord and hindbrain, in turn, ap- 
pear to reflect that oligodendrocytes are produced 
by distinct ventral progenitor domains at these axial 
levels. Based on these findings, we propose that oligo- 
dendrocytes derive from several distinct positional ori- 
gins and that the activation of Otig1/2 at different posi- 
tions Is controlled by distinct genetic programs. 

Introduction 

Neurons, oligodendrocytes, and astrocytes represent 
the three fundamental c*ll typeE of the vertebrate central 
nervous system (CNS), and the gonorabon of these cell 
types at precise positions end specific time points dur- 
ing development is critical for the establishment of brain 
function. Insighl has been obtained into the molecular 
mechanisms thai control th* generation of specific neu- 
ronal subtypes In space and time (Jessell, 2000; Lums- 
den and Krumlaul, 1996; Pattyn et al., ?(XS3b). Oligoden- 
drocytes and astrocytes are generated subsequent to 
neurogenesis (Rcwilch, 200*), and less is known about 
the positional dctemiinEtion of these glial cell types dur- 
ing CNS development. 

Oligodendrocytes are the myelinating cells of the CNS 
thai insulate axons, while astrocytes provide structural 
support, rpgulsle water balance, and maintain the 
blood- brain barrier (Rcwilch, 2004). Glial cells originate 
from neural progenitors in the ventricular zone (VZ), and 
once specified they leave the VZ and migrate as prolifer- 
ative precursors lo occupy all regions of the CNS. Stud- 
ies in the spinal core suggest that oligodendrocytes are 
produced by s small group of ventral progenitors close 
10 the floor plate, while astrocytes appear 1o be gener- 



ated from more dorsrJty located progenitors (Hail et al., 
1 996; Lu et al.. 2002; Pringle and Richardson, 1 993; Zhou 
and Anderson, 2002). Functional analysis of the oligo- 
dondrocyte determining basic-helix-loop-hcllx (bHLH) 
proteins Oligl and 01ig2 (collectively termed 0lig1/2) 
support the idea that oligodendrocytes and astrocytes 
are generated from distinct progenitor domains and sug- 
gest further that oligodendrocytes and astrocyte* are 
posttlonally specified (Lu et al., 2002; Zhou and Ander- 
son, 2002; Zhou et al., 2001) according to strategies 
simitar to those determining neuronal subtypes (Jes- 
sed, 2000). 

In the spinal cord, different neurons emerge at specific 
dorsoventral (DV) positions In response to local Sonic 
hedgehog (Shh) signaling by ventral midline cells (Jos- 
sell, 2000) and bone morphogenetic proteins (BMPs) 
secreted from the dorsal midline of the neural tube (Lee 
et al., 2000; Uem et al., 1997). In ventral positions, 
graded Shh signaling controls patterning by regulating 
the regional expression of a set of homeodomain (HD)- 
containing transcriptional repressors (Briscoe et al., 
2000; Muhr et al., 2001), thereby establishing a combina- 
torial code of HD protein expression, which defines five 
progenitor domains. Each domain, in turn, produces a 
distinct neuronal subtype (Jessell, 2000). Oligl/2 is in- 
duced by Shh, and its expression is confined to an indi- 
vidual ventral progenilor domain (termed pMN domain) 
that sequentially produces spinal motor neurons (sMNs) 
and oligodendrocytes (Rowitch, 2004). In Ollg1/2 mutant 
mice, pMN progenitors acquire an identity typical of 
more dorsal progenitors, and the loss of sMNs and oligo- 
dendrocytes in these mice is accompanied by a con- 
comitant gain of V2 neurons and astrocytes (Lu et aL, 
2002; Zhou and Anderson, 2002). Apart from revealing 
an absolute requirement for CHigl/2 for oligodendrocyte 
generation, these data show that Oligl/2 also suppress 
astroglial fate in pMN progenitors (Zhou and Anderson, 
2002), indicating that ollgodendroglial and astroglial lin- 
eages are spatially separated in vivo at early develop- 
mental stages (reviewed in Rowitch, 2004). 

While the data above demonstrate a restricted ventral 
origin of oligodendrocytes from pMN progenitors, it re- 
mains unclear if also ether progenitors produce oligo- 
dendrocytes in vivo. In a series of quail-to-chick grafting 
experiments, Cameron-Curry and LcDouarin provided 
data suggesting that dorsal progenitors can produce 
oligodendrocytes (Cameron-Curry and Le Douarin, 
1995). Similar experiments by Pringle and coworkers, 
however, instead argued that dorsal progenitors only 
generate astrocytes (Pringle et al„ 1 998). In vitro assays 
have further suggested the existence of s glial-restricted 
progenitor cell that can be derived from both dorsal 
and ventral parts of the spinal cord and give rise to 
oligodendrocytes and astrocytes in culture (Rao et al., 
1698). Also, tripclent self- renewing stem cells that gen- 
erate neurons, oligodendrocytes, and astrocytes in vitro 
can be isolated from mcst parts of the developing and 
eduft CNS (Cage, 2000; Oian et al., 2000; Seaberg and 
van der Kooy, 2003), implicating that oligodendrocytes 
and astrocytes are derived from common precursors 
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broadly distributed in the CNS. However, a recent study 
has questioned the presence of such tripotent stem cells 
in vivo, since the exposure of cells to fibroblast growth 
(actor 2 (l"GF2), the primary mitogen used to propagate 
stem culls, can result in a duregulated positional identity 
oi neural progenitors in vitro (Gabay et al„ 2003). The 
potency of progonrtors isolated from a given position of 
the CNS may therefore reflect a quality acquired tram 
exposure to f GF2 in vitro, rather than revealing their 
endogenous capacity in vivo. Thus, while it is well estab- 
lished thai oligodendrocytes are produced by ventral 
progenitors, it is uncertain if also other regions of the 
developing CNS give rise to these cell types in vivo. 

We have exploi »d the positional specification of oligo- 
dendrocytes in the spinal cord and hindbrain and pro- 
vide in vivo and in vitro evidence that, in addition to the 
ventral pMN domain, oligodendrocytes are generated 
from dorsal progenitors et both these axial levels. High 
concentrations of EMPs block the specification of dor- 
Gal OUg2 ' cells in vitro, and their generation is promoted 
when BMP signaling is inhibited, indicating that a pro- 
gressive decrease of dorsal BMP signaling over time 
influences the temporal appoarance of oligodendro- 
cytes in the dorsal neural tube. In addition, we show 
that pMN do main- derived oligodendrocytes essentially 
are missing in the spinal <;<xd ot mice lacking the ven- 
trally wxpressed HD proteins Nkx6.1 and Nkx6.2 (collec- 
tively termed Nkx6 proteins). We find thBt these HD 
proteins instead suppress oligodendrocyte production 
in the anterior hindbrain. These unanticipated opposite 
roles for Nkx6 prcteins in the spinal cord and hindbrain, 
in turn, reflect 1!wl oligodendrocytes are produced by 
distinct ventral progonitor domains al these axial levels. 
Taken together, our data suggest that oligodendrocytes 
are generated from several distinct DV progenitor do- 
mnins and that the- activation of Olig1/2 at different posi- 
tions is controlled by distinct genetic programs. 

ResuttS 

A Dorsal Origin of Oligodendrocyte Generation 
in the Hindbrain 

Similar to the spinal cord, oligodendrocytes In the hind- 
brain are generated from ventral progenitors, and their 
production depends or. Shh signaling (Alberta et al., 
2001) and Oligl/2 function (Lu et al., 2002; Zhou and 
Anderson, 2002). However, Oligl/2 expression in the 
hindbrain is also detected in the VZ at more dorsal posi- 
tions (Figures 1A and IB) {Liu et al., 20C3), and the fate 
of these cells has not been determined. Al E13.5, one 
dorsal O.'.'f? 7/2 expression domain spans along the axial 
extent of the hindbrain, with the exception of rhombo- 
mere 1 (Figure 1 A). To begin to examine this population 
of Olig1/2 J celts, we mapped their DV position in relation 
to the expression ot HD proteins that define different 
DV progenitor domains. While ventral Oligl " cells at 
E13.5 were detected within the pMNv domain that ex- 
presses the HD protein NkxZ.2 (see below), the dorsal 
Oligl * colis were located immediately dorsal to the ex- 
pression domain of Dbx2 (Pierani et al., 1998). but within 
the domain ot PzxS. P&x7, and GjAI expression (Figures 
1 B-1 F; data not shown). Pax3, Pax?, and Gsh1 are defin- 
itive marker* of dorsal progenitor cells at this axial level 



(Goulding el al., 1991; Jostcs ot a)., 1990; Sander et a)„ 
2000; Valerius et al„ 1995). suggesting that this popula- 
tion of Oligl /2- cells is located within the alar plate. The 
OLP marker Sox 10 (Kuhlbrodt et al., 1998) was ex- 
pressed in a fashion similar to Oligl in the dorsal hind- 
brain (Figure 1G). As determined by immunohietochem- 
Istry, several dorsal Olig2" cells in the VZ coexpressed 
Gshl (Figure 1H) while more laterally positioned, and 
presumably more mature, cells coexpressed the OLP 
markers PDGFRa (Hall et al., 1996) and NG2 (Figures 1J 
and 1 KJ (Nlshiyama et al., 1 596) but not the panneuronal 
marker NeuN (rigure II) (Mullen et al., 1992). Together, 
these data strongly suggest that at least a subset of 
Oligl/2* cells in the hindbrain originates from dorsal 
progenitors and are consistent with the idea that these 
cells differentiate into oligodendrocytes. 

To more extensively investigate if dorsal progenitors 
in the hindbrain generate oligodendrocytes, we exam- 
ined the capacity of hindbrain explants to generate OLP* 
in vitro. In this assay, cxplants corresponding to the 
ventral and dorsal Ollg1/2* domains (Figure 1X) were 
isolated at E10.5, approximately 2-3 days before 
dig 1/2" OLPs can be detected in vivo (Miller, 2002). 
Explants Isolated from tissue intervening the ventral and 
dorsal Oligl/2"* domains (intermediate explants; Figure 
1X) were included as controls, since this Oligl/2" do- 
main is predicted not to produce oligodendrocytes 
In vtvo or tn vitro. Explants were cultured in defined 
media containing plate Ie1-derived growth factor (PDGF- 
AA) for various time points, and OLP generation was 
scored by monitoring expression of the OLP markers 
0!ig2. PDGFRa, NG2, and the 04 antigen (Sommer and 
Schachner, 1981). Irr.portanlfy, we did not add fibroblast 
growth factors (FGFs) to the culture media, since FGF2 
has been shown to ventralize cultured dorsal neural pro- 
genitor cells, resulting in an arbitrary in vitro- triggered 
induction of Olig2 expression and oligodendrocyte dif- 
ferentiation (Chandran e1 al., 2003; Gabay et a)., 2003). 

In ventral and dorsal explants cultured tor 6 days, an 
extensive number ot Olig2" cells were delected, and 
the majority of cells coexpressed PDGFRo and NG2 
(Figures 1L, IN, 10, and 1Q). After 8-10 days in vitro, 
ventral explants shewed significant expression of the 
more mature oligodendrocyte lineage marker OA (Figure 
1T). Olig2 704* cells were detected also in dorsal ex- 
plants, albeit the number ot double-positive cells was 
lower as compared to ventral explants (Figure 1R). Im- 
portantly, in intermediate explants cultured under identi- 
cal conditions, expression of Olig2, PDGFRo, or 04 was 
not detected at any time point analyzed (3-10 days of 
culture; Figures 1M, IP, and IS and data not shown). 
Thus, progenitors isolated from a DV domain that lacks 
expression of Oligl/2 in vivo do not generate OLPs under 
these in vitro culturing conditions. Given that dorsal but 
not the more ventral intermediate explants generate 
OLPs, it is unlikely that the OLPs observed in dorsal 
explants represent ventraSy derived OLPs that at the 
time ot tissue isolation had migrated into dorsal posi- 
tions. Moreover, the absence of OLPs in intermediate 
explants makes it unlikely that the generation of OLPs in 
dorsal explants result tram a deregulated, or ventralized, 
potential of dorsal progenitors due to the culturing con- 
ditions. In additional support for this, we coufd detect 
expression of Pax7 (Figure 1 U) but not the ventral mark- 




ers Nlot2.2 or Shh (Figures 1U and 1W; data not shown) 
in dorsal explants cultured for 2-6 days. 

It Is possible that the absence of OLPs in intermediate 
explants could reflect that intermediate progenitors, in 
contrast to their more ventral or dorsal counterparts, 
have lost competence to generate oligodendrocytes at 
the time of tissue isolation. To examine this, we cultured 
intermediate explants in media enriched with FGF2. hi 
contrast to explants cultured in PDGFAA-enriched 
media without FGF2 (Figure 1Y). numerous OBg2V 
POGFRo * ExprBMiing cells were detected in intermedi- 
ate explants cultured In the presence of FGF2 (Figure 
1 Z). These data show that intermediate progenitors have 



the potential to produce OLPs and support the notion 
that addition of FGF2 to neural progenitor, or stem cell, 
cultures in vttro Induces oligodendrocyte differentiation 
in ceBs not fated to generate these cells in vivo. Taken 
together, these data lend strong support to the idea 
that oligodendrocytes are derived from both ventral and 
dorsal 0lig1/2 + progenitor domains in the hindbrain. 

Dorsal Progenitors in the Spinal Cord Generate 
Olig2-Expreesing Cells and Give Rise 
to Oligodendrocytes in Culture 
The generation ot oligodendrocytes has been most ex- 
tensively studied in the spina) cord (Flowltch, 2004). A 




r^r«2 Dorsal Spinal Cord ProgenRora Expraaa OBoj v 
(A-€) TramvvM taction! of thoracic spinal cord (SC) at ET3.S and E1S.S ihowtng expression of 0102 relative to Pax7 (A-C) and GsM/2 (D 
and E). Several dorseSy poettJoned 0lg2' c*)» coexpreee Pex7 (C) and Gsh1/3 (E) al E1S.S. 

(F) Summary lUuttraUng that 01b2" cats) can ba dalactad both h tba ventral and dortal ventricular ton* (V2). 

(G) Hluatration oftha dMaion of 8C Into dorsal and ventral explanto. 

(H-S) Whoh-mounf aKMng ot dorsal and ventral exptantt belated at El 2.6. Ceta ii dorsal and ventral explants express CHIgJ (H and I) and 
retain their dmovtntml Identity after 2 day* of culture; doraal explants express Pax7 (J), and ventral explants express Nta2J (M). Inset In 
(J) ahow* Otg2' ctlt thai express Pax7. ONg2" es*s m dortal and ventral explanu tipress PDQFRo after 6 day* <N and O), 04 after 8 day* 
f and Q). and MBP after tO day* m vitro (B and S). 



major source of oligodendrocyte production at this level 
is the ventral pMN domain that expresses OHo1 and 
OH92 (Han et al., 1 996; Lu et at., 2002; Pringle and Rich- 
ardson, 1993; Zhou and Anderson, 2002). It remains 
uncertain if also other progenitor domains in the spinal 
cord generate oligodendrocytes in vivo (Cameron-Curry 
and Lb Douarin, 1595; Miller, 2002; Pringle et al., 1998; 
Richardson et al_ 2000; Spassky et al.. 2000). Our data 
suggesting a dual origin of oligodendrocytes in the hind- 
brain prompted us to examine the positional gene rati on 
of oligodendrocytes in the spinal cord. In agreement 
with previous studies, the expression of Olig2 within the 
VZ was selectively confined to the ventral pMN domain 
at the peak of OLP specification at E13.5 (Figure 2A). At 
E15.5, migrating 0lig2* OLPs were detected throughout 
the spinal cord (Figures 28 and 20; data not shown). 
Interestingly, many OUgi"* cells located within or In close 
proximity to the dorsal VZ coexpressed the dorsal pro- 
genitor markers Pax7 and Gsh1/2 at E15.5 (Figures 2C 
and 2£). Dorsal Olig2" cells located at a distance from 
the VZ did not express these markers (Figures 2B 
and 2D). 

The presence of Olig2 < /Pax7*/Gsh1/2 + in the dorsal 
spinal cord raised the possibility that dorsal progenitors 
generate Olig2* oligodendrocytes at this level. Alterna- 
tively, a subset of migrating Olig2* cells generated from 
the pMN domain could Invade the dorsal VZ and initiate 
expression of Pax7 and Gshl/2 at El 5. To distinguish 
between these possibilities, we compared the ability 
of isolated ventral and dorsal spinal cord explants to 



generate oligodendrocytes in vitro. In these experi- 
ments, ventral and dorsal explants were isolated at 
El 0.5 or at El 2 and thus prior to any dorsal migration 
of pMN-dertved OLPs (Sussman et al, 2000). Explants 
were cultured in media containing PDGF-AA but not 
FGF2 for various time points. In these conditions, OLP 
differentiation was observed in both ventral and dorsal 
explants after 4-8 days of culture, as determined by 
0!ig2* cells that coexpressed PDGFRa, NG2, and the 
04 antigen (Figures 2N-2Q; data not shown). After 8-10 
days, 0fig2-expressing celts in ventral and dorsal ex- 
plants had Initiated expression of myelin basic protein 
(MBP), a marker of mature oligodendrocytes (Figures 
2R and 2S) (Lemke, 1 9S8). Similar results were obtained 
from ventral and dorsal spinal cord explants isolated 
from E10.5 and E12.5 embryos (data not shown). 

We next examined the DV identity of cells In spinal 
cord dorsal and ventral explants. In dorsal explants iso- 
lated at E12, Olig2* cells could first be detected alter 
2-3 days of culture, a time point that corresponds we* 
with the appearance of Olig2*/Pax7-7Gsh1/2* cells at 
around E15 in vivo (Figures 2J. 2L, and 2B-2E; data not 
shown). At these stages, Pax 7 expression was observed 
while no expression of ventral markers Nkx2.2, Nkxfi.1, 
or Shh could be detected (Figures 2J and 2L; data not 
shown). Importantly, several Olfg2* cells in dorsal ex- 
plants coexpressed Pax7 (Figure 2J). Similar results 
were obtained when dorsal explants were isolated at 
E10.5 (data not shown). In ventral explants, expression 
of Nkx2.2, Nkx6.1, and Shh but not Pax7 could be de- 




tected (Figures 2K and 2M; data no! shown). These data 
show that domat Pax7* prooenltors generate Ollg2- 
expressing call* and that OfioJ* cells differentiate along 
the OLP lineage in vitro and argue against the possibility 
that Oliga'/PaxT'/Gshl/S' detected in vivo would rep- 
re sent dorsaffy migrating cells that originate from the 
pMN domain. The retained DV identity of cells In dorsal 
explants also seems to exclude the possibility that OLPs 
in dorsal explants are generated In response to an 
in vitro-lnduced, albert FGF-independent, ventrafaation 
of progenitor call identity. 

A Loss of Ventralty Derived OHgodendrocytea 
In the Spinal Cord of Nkx6 Mutant Mice 
To further examine the possibility of a dual ventral and 
dorsal origin of oligodendrocytes In the spinal cord, we 
analyzed mice lacking the related HD proteins NkxC.1 
and Nkxfi.2. Nkx8 proteins are expressed in the ventral 
neural tube, including the pMN domain, end their func- 
tion is necessary for the ventral expression of Olig2 and 
the generation of MNs in the spinal cord (Figures 3A 
and 3B) (Novftch et al„ 2001 ; Vallsledt et al., 2001). The 
generation of oligodendrocytes in the spinal cord has 
not been examined in Nkx€ mutants, but the ventral 
extinction of dig 2 expression raised the possibility that 
pMN domain-derived oligodendrocytes may be af- 
fected. In agreement with this, we could not detect any 
expression of OSgl or Olig2 in the ventral spinal cord 
between E1 1.5 and El 3.5 {Figures 3D. 3F. and 3H), the 
time at which ventral oligodendrocytes are being speci- 
fied (Hall et al., 1396). Also, while SoxtO and PGDFRa 
could be detected in the pMN domain and/or in migrat- 
ing OLPs in controls at E13.5, the expression of these 
OLP markers was missing in Nkx6 mutants (Figures 31- 
3L). These data show that Nkx6 proteins are required 
not only for the generation of spinal MNs, but also for 
the subsequent specification of oligodendrocytes from 
the pMN domain. 

Oligodendrocytes Are Generated 
from Progenitors with a Dorsal Identity 
in the Spinal Cord of Nkx€ Mutants 
Oligl/2 is required for the generation of all oligodendro- 
cytes regardless of their developmental origin in the 
CN6 {Lu et al., 2002; Zhou and Anderson. 2002). Our 
data indicate that Nkx6 proteins are necessary for the 
generation of pMN domain-derived oligodendrocytes in 



the spinal cord. However, since Nkxfi.1 and Nkx6.2 are 
expressed only in ventral progenitors, they are not pre- 
dicted to affect the generation of putative dorsatfy de- 
rived oligodendrocytes. We therefore examined the gen- 
eration of oligodendrocytes in Nkx6 mutants at El S.6, a 
stage when OHg2-' cells that coexpresa Pax7 and Gah1/2 
can be detected in the dorsal spinal cord in wild- type 
embryos (Figures 2C and 2E). In controls at this stage, 
OLPs were evenly distributed in the spinal cord gray 
matter, as determined by Otigl expression (Figure 4C). 
Strikingly, numerous Offgf -expressing cells were ob- 
served also In Nkx6 mutants, but in contrast to controls, 
essentJaly all OligT cells were located in the dorsal 
half of the spinal cord (Figure 4D). The number and 
distribution of ODgS" cetts coexpressing Pax7 and/or 
Gsh1/2 in lateral positions of the dorsal VZ was similar 
in mutants and controls at E15 (Figures 4E-4J and 4W). 
These data provide strong genetic evidence that 
OUg1/2" cells are generated from the dorsal VZ In vivo. 
A few Oligl/2"' cells could occasionally be detected in 
ventral positions at E1S (Figure 4F). Therefore, we can- 
not exclude the possibility that a subset of Oligl/2 4 cede 
In NkxC mutants are generated also from ventral progen- 
itors. 

In control embryos at El 5, a subset of Olig2* cells in 
the dorsal spinal cord expressed PDGFRa, while only 
rare Olig2 4 /PD6FRo* ceBa could be detected in Nkx6 
mutants at this stage (Figures 4K and 4L). We noticed 
that a population of Olig2'* cells that lacked the expres- 
sion of PDGFRa and NG2 was present at E15.S in wild- 
type mice, and this population corresponded in number 
to the Otlg2+/PDGFRo 7MG2" cells observed in mutant 
mice (Figure 4X; data not shown). At El 8.5, 0Rg2* cells 
were evenly distributed In NkxB mutants (Figure AN), and 
the majority of these cells had at this stage initiated 
expression ol PDGFRa and NG2 (Figures 4P, 4R, and 
4X). Consistent with the generation of oligodendrocyte* 
from dorsal progenitors in vitro, these data provide ge- 
netic evidence that Oligl/2* cells with a dorsal origin 
acquire molecular characteristics of OLPs also in vivo. 
Addition airy, the uniform distribution of Oligl/2 ceils in 
Nkx6 mutants at E18.5 indicates that dorsalry derived 
OLPs migrate Into the ventral neural tube, at least in 
conditions when the generation of pMN domain-derived 
oligodendrocytes is compromised. We could not exam- 
ine If OLPs in Nkxt mutants acquire a terminal oligoden- 
drocyte phenotype in vivo, since NkxC mutant embryos 
die at birth, the time when OLPs begin to terminally 
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differentiate (Baumann and Pham-Dinh, 2001). Never- 
theless, Olig2* cells thai expressed 04 and MBP could 
be detected in isolated Nkx6 mutant spinal cord tissue 



after culture in vitro (figures 4U and 4V), Indicating that 
these celts have the capacity to differentiate into mature 
oligodendrocytes. 
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nnr;,.'il and Ventral OLP Lineages Express Distinct 
Molecular Properties at Prenatal Stage* 
Are oligodendrocytes generated from distinct positional 
urlgins mcifculaiiy arid functionally equivalent? Studies 
of neuronal diflfcrenlictjon suggest that neurons with 
similar functional prupnrties have certain common mo- 
lecular properties, hut also that functional differences 
among cells within a given class are associated with 
subtype specific profiles of gene expression (Jessed, 
2000). As compared to neuronal cell differentiation, little 
is known ibout the dciermin;. lion of different glial sub- 
types (Ftewitch, 2004). To examine the molecular proper- 
ties of durrnlty and ventrally certvfid oligodendrocytes, 
we compared the gene expression ptcfile of 0lig2* 
01 Ps m controls and Aftxfi mutant mice at E18.5. In 
controls, a subset ot Olig2 VPDGFRa* cells in the spinal 
cord had initiated expression of Nkx2.2 (29% r 2.5%) 
(Figure AS) (Qi el at.. 2001). In contrast, few it any Otig2V 
PDGFRa ' culls in Nkx6 mutants expressed Nkx2.2 at 
this stage (Figure 4T). The luck of OLPs that express 
Nkx2.2 in Nkx6 mutants indicate that Nkx2.2 selectively 
marks OLPs with a ventral ongin and that OLPs with 
different origins are molecularfy distinct, at least at pre- 
riEtal stages of spinal cord development. 



Evasion of BMP Signals Influences the Timing 
of Ollg1/2 Induction In Dorsal Progenitors 

Trie occurrence of dorsally generated oligodendrocytes 
raises the issue of how these cells are specified. In the 
neural tube, local BMP signaling has a central role in the 
intt.ol establishment of dorsal progenitor identity (Lc-e et 
al., 2000; Liem et al., 1S97; Nguyen et al„ 2000). 8MPs 
expressed in the clonal neural tube also function to 
suppress more ventral Shh-depcndent cell fates, includ- 
ing MNs (Liem et al.. 2000) and ventral oligodendrocytes 
derived \rom the pMN domain (Hall and Miller, 2004; 
Mekki-Dau'iac et al., 2002). The activation of Cligl/2 
expression in do'sal progenitors occurs Et around El 5, 
a stage wtien the neural tube has grown considerably 
in size. We there-fore considered the possibility that dor- 
tally generated oligodendrocytes could be sensitive to 
DMPs and that their late birth could reflect a decrease 
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lyzcd the number ot Ofig2* cells in dorsal explants that 
were isolated at E10.5 or E12.5 and exposed to BMP7 
or me BMP antagonists Noggin and Chordin (Piccolo el 
al., ",£96; Zimmerman e1 al., 1996) In do'sal explants 
isr.lated at El 0.5, ttie generation of Olig2' cells was 
completely blocked when cells were exposed to 1 ng/ml 
of BMP7 (Figure 5G; data not shown). Interestingly, the 
exposure of E10.5 dorraf explants to Noggin/Chordin 
resulted m s 3- to 4-fold increase in the number ot Olig2* 
cells as compared to controls (Figures 5A, 5B, and 5E). 
This increase did not reflect a ventralization of progeni- 
tor Identity, as indicated by the in vitro detection of 
Olig2VPax7* cells (Figure 5F) and a lack of any detect- 
able induction of Nkx2.2 or Nkx6.1 expression (data not 
shown). Instead, the increased number of 0lig2* cells 
In F10.E explar.ts exposed tc Noggin/Chordin correlated 
with a more rapid induction of these cells as compered 
to controls (Figures SH-5L). BMP7 blocked Olig2 ex- 
piei sion also in dorsal explants isolated 2 days later at 



El 2.6 (data not shown). In contrast to explants isolated 
at E 1 0,5, however, exposure of E1 2.5 explants to Noggin 
and Chordin did not result in an increased generation 
of Olig.2* cells (Figures 5C- 5E). While these data show 
that dorsal progenitors are still responsive to BMP» at 
E12.5, the failure of BMP antagonists to promote the 
generation of Olig2* cells at later stages Is consistent 
with the idea that concentration ot BMPs in the dorsal 
neural tube decreases over time. 

Oligodendrocytes Derive from Different Ventral 
Progenitor Domains in the Spinal Cord and Hindbrain 
While Nkx6 proteins are required for Olig2 expression 
in the ventral spinal cord, the expression of Olig2 per- 
sists in the ventral hindbrain ot Nkx6 mutants and is 
even ectopically activated at anterior hindbrain levels 
(Pattyn et al., 2003b). Trie differential regulation of Olig? 
in the spinal cord and hindbrain raised the possibility 
that the generation of ventral oligodendrocytes is regu- 
lated differently al these axial levels. In support for this, 
and in contrast to the spinal cord, we found an extensive 
ventral ectopic induction ot Otigl, Olig2, Sox JO, and 
PGDFFla In the anterior hindbrain of Nkx6 mutants at 
El 2.6 as compared to controls (Figures 6H, 6J, 6L, and 
CN and data not shown). These data provide direct evi- 
dence that Nkx6 proteins suppress oligodendrocyte 
generation in ventral positions of the anterior hindbrain. 
Dorsally derived OLPs In the hindbrain, however, ap- 
peared to be unaffected by the loss of Nkx6 function 
(Figures 6G and 6H). 

Hew then can Nkx6 proteins mediate opposing effects 
on the generation of oligodendrocytes at different axial 
levels of the CN'S? Most HD transcription factors that 
are involved in ventral neural patterning, including 
Nkx6.1 aid Nkx8.2, function directly as transcriptional 
repressors (Muhr et al., 2001; Ncvitch et al., 2001; Zhou 
et al., 2001). These data suggest thai the promotion of 
0)ig2 Expression by Nkx6 proteins In the spinal cord is 
indirect and possibly involves an Nkx6-mediated exclu- 
sion of a repressor of Olig genes in pMN progenitors. 
In the spinal cord, the Oligl/2* pMN domain is located 
immediately dorsal to p3 progenitors, which express 
Nkx2.2 and produce S/m7-expressing V3 neurons 
(Briscoe et al., '099). Nkx2.2 is sufficient and required 
lor the generation of V3 neurons in the spinal cord and 
is an established repressor of Olig2 expression at this 
axial level (Muhr et al., 2001; Novitch et al., 2001; Zhou 
e1 al., 2001). Unexpectedly, we found thai the domain 
of Nkx2.2 and S;m1 expression had expanded dorsally 
and encroached into the presumptive pMN domain in 
the spinal cord of Aflcx6 mutants at E11.5 (Figures 6A- 
6D). These deta show a genetic requirement for Nkx6 
proteins to suppress Nkx2.2 expression in the pMN do- 
main. Further, they reveal a strong correlation between 
the less of Clig2 expression, and subsequent ollgoden- 
drogenesis, and the dorsal expansion of Nkx2.2 Into the 
pMN domain of Wfo-6 mutant spinal cord. 

The observation that loss ol Nkx6 proteins in the anle- 
rior hindbrain instead results in an ectopic induction of 
OLP rr.arisers, led us !o examine the generation of OLPS 
at this level in more detail. In the anterior hindbrain, 
ventral expression of Olig2 could first be detected at 
El 2.5 (Figures 6E, 61, and 6K). Most, rf not afl, Olig2' 
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cells at this stags were located in lateral positions of 
the Nkx2.2* VZ, and many eels coexpressed Nkx2.2 
and Ollfl2 (Figure* 6E and 61)- Many OHq2* cells also 
expressed PGDfRo, indicating thai they Indeed are 
OLPs (Figure 6K). Thus, while 0682* cells in the ventre! 
spinal cord are generated dorsal to the Nkx2.2* progeni- 
tor domain, Oligl/2* cells in the anterior hindbrain ap- 
pear to be derived from Nkx2.2-expressing progenitors. 
Like spinal cord levels, the domain of Nkx2.2 expression 
was expanded dorsalty In the anterior hindbrain of NkxS 
mutants at El 2.5 (Figures 6F and SJ; data not shown). At 
this axial level, however, there was a striking correlation 
between the expanded expression of Nkx2.2 and the 
ectopic Induction of oligodendrocyte differentiation 
(Figures 6J, 6I_ and 6N). These data show that the differ- 
ential regulation of oligodendrocytes by Nkx6 proteins 
is tightly linked to the expression of Nkx2.2 and to the 
distinct ventral origins of oligodendrocytes in the spinal 
cord and anterior hindbrain (Figures 60 and 6Q). 

Discussion 

Previous studies have established that oligodendro- 
cytes In the spinal cord are generated from ventral pMN 
progenitors In the spinal cord. In addition to a ventral 
origin of these cells, we here provide evidence that oligo- 
dendrocytes are produced also by progenitors in the 
dorsal spinal cord and hindbrain. Our study further sug- 
gests that most ventrally generated oligodendrocytes 
in the hindbrain are produced from Nkx2.2* progenitors, 
rather than from mom dors ally positioned pMN progeni- 
tors. Together, these data reveal multiple positional ori- 



gins of oligodendrocyte specification in the spinal cord 
and hindbrein and provide evidence that the activation 
of Ofigt/2 expression at different positions Is regulated 
by distinct genetic programs. 

A Dual Ventral and Dorsal Origin of Oligodendrocyte 
Generation In the Spinal Cord 
sMNs and oligodendrocytes are generated sequentiaJy 
from pMN progenitors in the ventral spinal cord, and 
the generation of these cells depends on the function 
of OSg1/2 (MliugucW at at., 2001; Novitch et at, 2001; 
Zhou et al., 2001). We provide several fines of evidence 
that In addition to those in the pMN domain, dorsal 
progenitors in the spinal cord generate oligodendro- 
cytes. First, at El 5, approximately 2 days after the gener- 
ation of OLPs from the pMN domain, we find that a 
subset of dorsal OfJg2* cells are located within the VZ 
and coexpress the established dorsal progenitor mark- 
ers Pax7 and Gsh1/2 (Figures 2B-2E). Second, oligoden- 
drocytes are produced by isolated dorsal progenitors 
in culture, under In vitro conditions in which cells retain 
their dorsal progenitor identity. Olig2-'/Pax7' cells were 
generated in dorsal explants isolated as early as E10.S 
and, together with our analysis of Nkx6 mutants, these 
experiments argue against the formal possibility that a 
subset of pMN domain-derived OLPs would initiate Pax7 
and Gsh1 expression after migrating into the dorsal neu- 
ral tube. Third, while the pMN domain and ventral oligo- 
dendrocytes are missing in the spinal cord of Nkx6 mu- 
tants, dorsal Olig2*/Pax7-/6sh1/2- are generated on 
schedule and in numbers similar to those detected in 
controls at E15. 




We cannot formally establish that dorsal OMfl2' cells 
acquire properties of mature oligodendrocytes In vivo, 
since Nkx6 mutants di« at birth and, in wild-type em- 
bryos, differentiating dorsal Olig2* cells downregulate 
the expression of Pax7 and Gsh1/2 and intermingle with 
OLPs generated from the pMN domain. Nevertheless, 
our data show that cells in Nkx6 mutants differentiate 
along the oligodendrocyte lineage In vivo and further 
that mature oligodendrocytes are produced in vitro in 
both cultured Mfcx6 mutant tissue and wild- type dorsal 
spinal cord exptants. Taken together, these data strongly 
suggest that oligodendrocytes in the spinal cord are 
generated from both ventral and dorsal progenitor cells. 
Our study also suggests that oligodendrocytes are gen- 
erated from dorsal progenitors in the hindbrain, and 
other studies have indicated a dual origin of oligoden- 
drocytes In the forebrain (Gorski el al., 2002; Levlson 
and Goldman, 1993). It is possible, therefore, that the 
specification of oligodendrocytes from dual, or multiple, 
DV positions is a general characteristic of the devel- 
oping CNS. 

The relative contribution ot the dorsal lineage of OLPs 



is unclear, but comparison* of the total number of 
Oligl/2-expressing cells in control and Nkx€ mutant em- 
bryos imply that dorsally generated cede represent a 
minor traction of the total number of OLPs at prenatal 
stages of development (20%-30%; data not shown). In 
wild type condrtlona, however, this number could be 
lower, since dorsally specified OLPs In Aflcxfj mutants 
could be propagated more efficiently due to the lack of 
von tralty derived OLPs that are likely to compete for 
essential growth factors such as PDGF (Calver et a), 
1998). Also, while we observe similar numbers of 0lig2* 
cells expressing dorsal progenitor markers In NkxS mu- 
tant end controls at E15, the accompanying paper by 
Cai et al. (2005) in this issue of Neuron reports an approx- 
imately 3-fold increase In the number of Otig2*/Pax7* 
cells in Nkx6 mutants. While the reason for this differ- 
ence between our studies remains unclear, it raises the 
possibility that the ventral loss of Nkx6 proteins and/or 
ventral oligodendrocytes may have a certain influence 
on the specification of OLPs from dorsal progenitor 
cells. 

How then is the specification of dorsally derived oiigo- 
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dendrocyles regulated? 0)ig1/2 protimis are required 
for the generation ot ill ollgodDiidrocyics (Lu ft a).. 2002; 
Zhou and Anderson, 2002), and a key step, therefore, 
must be to regulate trie initiation of Oligl/2 expression 
in dorsal progenitor cell*. Local CMP tignaling from the 
roof plate has an potential early role in establishing 
dor&al neural tube identity and the patterned generation 
ol dorsal neuronal subtypes (Helms arid Johnson, 2003; 
lee et al., 2000; Llem et al., 1997). Scattered Olig27 
Pax7 ' GsM/2 ' tells can first be detected in lateral posi- 
tion"; of the VZ at aruunri E15 (Figures, ;.FV2E. 4P, and 
4G). We find that DMP7 suppresses oligodendrocyte 
differentiation in dorsal neural tube c xplants in vitro, 
white BMP antagonists enhance generation ot dorsal 
Oiig2" cells in dorsal explants isolated at early develop- 
mental stages. Since the spinal cord has grown consid- 
erably in si/e by CIS, these data are consistent with a 
model in which the timing ot Olig1/2 induction in dorsal 
progenitors Involves a progressive evasion of BMP sig- 
naling due to a limited range ot action ol BMP signals 
secreted by the roof plate. 

The induction of Olig1/2 expression in the pMN do- 
main requires Shh signaling, raising the possibility that 
Shh also mediates the induction of Olig1/2 expression 
in tlw dorsal neural tube. This does not appear to be 
the case, since data by Cat and coworkers show thai 
dorsal oligodendrocytes are generated in the absence 
of Shh signal transduction in vivo (Cai et al., 2005). FGF 
has been shown to promote Olig gene expression and 
oligodendrocyte differentiation in vitro (Chandran et al., 
2003; Kessaris et al., 2004), but such experiments are 
difficult to interpret, since the induction ot oligodendro- 
cytes In response to FGFs in vitro has also been associ- 
ated with an erroneous ventraliistion of progenitor cell 
identity (Gahay et al., 20C3). To overcome this issue, 
we exposed isolated dorsal Pax7 ' progenitors to an 
inhibitor of FGF receptor signaling, SU E-402 (Mnham- 
madi et al., 1flS7), and under these conditions we ob- 
served a complete block of Olicl/2 induction and oli- 
godendrocyte differentiation (data not shown). While 
additional in vivo Experiments arc necessary to deter- 
mine the precise role for BMP and FGF signaling in this 

signaling and 8 progressive decrease in BMP activity 
over time may underlie the late ph.* sc of oligodendrocyte 
specification in the dorsal half ol the spinal cord. 

What Is then the functional rationale of producing oli- 
godendrocytes at several DV positions? One possibility 
is that a single origin of oligodendrocyte specification 
is not sufficient to produce the number of oligodendro- 
cytes necessary to effectively insulate all axons at a 
given axial level. An alternative possibility Is that the 
production of dorsal and ventral oligodendrocytes is 
necessary due to the establishment of physical or mo- 
lecular barriers that hamper the migration of OLPs along 
the DV axis. Both these alternatives, however, appear 
to be unlikely since OLPs, once specified, are effectively 
propagated in a PDGF dependent fashion outside ot the 
VZ {Caiver et al„ 1SS8), and both ventral and dorsal 
OLPs appear 1o be capable of freely migrating alone the 
DV axis of the spinal cord (Rcwrtch, 2004) (this study). 
The lack of Nioc2.2-expressing OLPs in NkjtS mutants 
implies that ventral ty and dorsally derived OLPs express 
distinct molecular properties, at least at prenatal stages 



of development. An intriguing possibility, therefore, is 
that oligodendrocytes that are goncrated from distinct 
progenitor populations acquire distinct functional prop- 
erties. Analyses of Oligl/2 function directly support that 
patterning along the DV axis controls the spntinl specifi- 
cation of distinct glial colls, since the loss of oligoden- 
drocytes in the pMN domain in Olig US mutants is asso- 
ciated with a concomitant gain of astrocytes (Zhou and 
Anderson, 2002). Also, in addition to the population of 
myelinating oligodendrocytes, certain oligodendrocytes 
have been shown 1o establish synapses with GABAergic 
iniemeurons in the hippocampus (Lin and Borgles, 
2004). Clonal analyses in the postnatal forebrain have 
further revealed the presence of et least two types of 
OLPs, one that rapidly differentiates into myelinating 
oligodendrocytes and another that remains undifferenti- 
ated over extensive periods of time (Zerlin et al., 2004). 
While the mcchanism(s) that underlies these functional, 
or behavioral, differences among oligodendrocytes re- 
mains to be determined, it is feasible that such differ- 
ences will be related to the positional specification of 
oligodendrocytes along the DV axis of the neural tube. 

Opposing Requirements for Nkx6 Protein* 

for Oligodendrocyte Specification in the Ventral 

Spinal Cord and Hindbrain 

In addition to the identification of dorsally derived Olig2 + 
OLPs in the spinal cord and hindbrain, our study reveals 
a striking difference between the specification of oligo- 
dendrocytes in the ventral spinal cord and hindbrain 
The activity of Nkx6 proteins Is required for the genera- 
tion of oligodendrocytes from the ventral progenitors in 
the spinal cord, while the same proteins instead sup- 
press oligodendrocyte production at antenor hindbrain 
levels (Figures 60 and 6Q). Our data indicate that this 
differential regulation reflects that oligodendrocytes de- 
rive from distinct ventral progenitor domains at these 
different axial levels. In the spinal cord, the pMN domain 
is located immediately dorsal to the Nkx2.2* p3 progeni- 
tor domain (Briscoe et al., lPSJfl), and Nkx2.2 is an estab- 
lished repressor ot OHg2 expression at this level (Novrtch 
et al., 2001). A common phoricfype in the spinal cord 
and hindbrain of Wfc»6 mutants is that tf>e domain ot 
Hkx2.2 expression expands dorsally, revealing a genetic 
requirement for Nkxt proteins to control the dorsal limit 
of Nkx2.2 expression. It Is conceivable, therefore, that 
a primary role of Nkx6 proteins in oligodendrogenesis 
in the ventral spinal cord is to Indirectly ensure the main- 
tained expression of Oligl/2 through the suppression 
of Nkx2.2. 

Our analysis indicates that, in contrast to the spinal 
cord, the ventral oligodendrocytes in the anterior hind- 
brain are generated from the Nkx2J"* pMNv domain 
{Figures 61 and CK) that at preceding stages has pro- 
duced visceral MNs and serotonergic projection neu- 
rons (Ericson et al., 1997; Pattyn et al.. 2003a, 2003b). 
As a consequence, the dorsal expansion of Nkx2.2 ex- 
pression in the hindbrain of Nkx6 mutants results in an 
increased production ot OLPs rssther than a loss of these 
cells. It remains unclear how Nkx2.2 car, promote Oligl/2 
expression In the hindbrain and why NKx2.2 arid Oligl/2 
arc coexpreesed in hindbrain progenitors but not in the 
mouse spinal cord. Nevertheless, the expression of 
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Nkx?.2 al .-inlffioi liintlbrain levels shows a mulualry 
exclusive relationship witti the uxpression of lrx3 (Pattyn 
ol a! , 2003h). a HD proldn ilso known to repress Olig2 
expression in the spinal cord (Novttch ©t al., 2001). 
Nkx2.2 rould therefore promote Olig1/2 expression, at 
(fins! in pari, through the exclusion of irx3 expression 
in the vontral-most part of the hindbrain. 

Taken together, thi-se data establish that cligoden- 
drocylos in the vontral spinal cord and hindbrain are 
aeritriitc-d fcorn distinct vontral progenitor domain*. Al- 
though the specification of vontral oligodendrocytes at 
clittcrent axial levels show* a similarity with respect to 
thoir depundiince on Shh signaling (Alberta et al., 2001; 
Lu Pt al., 2002) and itquiremonl for Olig1/2, out analysis 
of rVaxfj mutant mice reveals crucial differences in the 
Intrinsic programs "'o' control Olipl/2 expression in the 
ventral spinal cord and hindbrain (Figures 6P and OR). 
Considering th.it the- loss of Nkx6 function has no signifi- 
cant influence on oligodendrocytes specified in dorsal 
positions of the spinal cord and hindbrain, it is apparent 
that also ttie upstream control of Oligl/2 expression 
in dorsal prooxnitors must be differently regulated as 
compared to their ventral counterparts. 
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Summary 

In the developing spinel cord, early progenitor cells of 
the oligodendrocyte lineage are Induced In the motor 
neuron progenitor (pMN) domain of the ventral neuro- 
epithelium by I He ventral midline signal Sonic hedge- 
hog {Shh}. The ventral generation of oligodendrocytes 
requires A/*x6-regulsrted expression of the bHLH gene 
Ofig2 in this domain. In the absence of Nkx€ genes or 
Shh signaling, the initial expression of 0Iig2 In the 
pMN domain is completely abolished. In this study, we 
provide the In vivo evidence for a tate phase of Ollg 
gene expression independent of Nkxt and Shh gene 
activities and reveal a brief second wave of oligoden- 
drogenesis in the dorsal spinal cord. In addition, we 
provide genetic evidence that oligodendrogenesis can 
occur In the absence of hedgehog receptor Srnootn- 
ened, which is essential for all hedgehog signaling. 

Introduction 

The spinal cord has served as an excellent model tor 
studying the origin and molecular specification of oligo- 
dendrocytes In the developing central nervous system 
(CNS). Although oligodendrocytes are widely distributed 
in the adult spinal cord, recent findings have indicated 
that early progenitors of the oligodendrocyte lineage are 
induced from specific loci of the ventral neuroepithelium 
by the ventral midline signal Sonic hedgehog {Shh) (for 
reviews, see Richardson el al. t 2000; Spassky et al., 
2000; Miller, 2002). Under the influence of Shh morpho- 
gen, a number of trar.se ription factors are selectively 
repressed {class I) or induced (class II) In the ventral 
neural progenitors (Briscoe et al., 2000), with each tran- 
scription (actor having a different threshold response to 
the graded Shh signaling. As a result, these progenitor 
transcription faclcrs display a nested pattern of expres- 
sion along the dorsal- ventral axis. Eased on their differ- 
ential expression in the ventral spinal cord, the ventral 
neuroepithelium can be divided into five distinct do- 
mains (p0-p3 and motor neuron progenitor [pMMJ, with 
each domain expressing a unique combination of pro- 
genitor genet and producing a specific neuronal coll 
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type followed by either astrogliogenesis or oligodendro- 
genesis (Jessell, 2000; Zhou and Anderson. 2002). The 
pMN domain, which expresses Nkx6 homeodomain 
transcription factors (Qki et al., 1998; Briscoe et aL, 
2000; Vallstodl et al., 2001) and Ollg bHLH transcription 
factors (Mizuguchi et al., 2001; Novitch et a)., 2001), first 
produces motor neurons followed by oligodendrocyte 
precursor cells (OPCs) (Richardson el al., 1997; Sun 
et al., 1998; Fu et al., 2002} that subsequently migrate 
throughout the spinal cord before differentiating into 
myelinating oligodendrocytes. The sequential genera- 
tion of motor neurons and OPCs from the pMN domain 
requires the expression of Oligt and Olig2 transcription 
factors in this domain, and disruption of the Olig genes 
leads to the loss of both motor neurons and oligodendro- 
cytes in the spinal cord (Lu et al., 2002; Takcbayashi et 
al., 2002; Zhou and Anderson, 2002). Based on these 
and other observations, it is believed that. In the spinal 
cord, early OPCs originate from the pMN domain, and 
oligodendrocyte development is coupled to motor neu- 
ron development (Zhou et al., 2001 ; Lu et al., 2002; Zhou 
and Anderson, 2002). 

The possible contribution of dorsal neuroepithelium 
to oligodendrocyte development in the spinal cord has 
been under intensive investigation and considerable de- 
bate. In the developing chick embryos, some early trans- 
plantation studies suggested that oligodendrocytes 
were generated from both dorsal and ventral spinal cord 
(Cameron Curry and Le Douarin, 1 995). However, similar 
chick-quail grafting experiments argued that dorsal spi- 
nal neuroepithelial cells only produced astrocytes but 
not oligodendrocytes (Pringle et al., 1998). Recent stud- 
ies in rodents suggested that glial-restricted progenitor 
(GRP) cells, which can give rise in vitro to OPCs and 
ash-ocytes, could be derived from both dorsal and ven- 
tral spinal cords (Rao et al., 1998; Gregori et al., 2002). 
Moreover, In vitro culture of dorsal mouse spinal cord 
cxplants, like that of its ventral counterpart, can also 
produce OPCs, although with a significant delay. In the 
meantime, the intermediate region located between the 
dorsal and ventral exp.'ants failed to generate OPCs in 
culture (Sussman et al., 2000), arguing against the possi- 
bility of dorsal invasion of OPCs from the ventral region. 
Together, these experiments indicated that the dorsal 
spinal neuroepithelial cells In mammals have an intrinsic 
and independent potential to produce oligodendrocytes 
under appropriate conditions. However, It Is not known 
whether this potential is realized during the in vivo devel- 
opment of mouse spinal cord, as it has been argued 
that, in culture, neural progenitor cefls may lose their 
positional cues and behave differently from in vivo in 
response lo exogenous factors (Gabay et al., 2003; 
Stiles, 2003). For instance, bFGF can ventralize dorsal 
neural progenitor cells in vitro, resulting in an arbitrary 
induction OligS expression and oligodendrocyte differ- 
entiation (Gabay et al.. 2003; Chandran et al.. 2003; Kes- 
sans et al., 2004). 

To investigate whether OPCs can be derived from the 
dorsal spinal cord in vivo, we examined oligodendrocyte 
development in Nkx6.1' h Nkx6.2~' and Shh~'~ mutant 
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spinal cords, in which tha early ventral oligodendrogen- 
esis from the pMN domain It aboBshad, so that th* 
potential dorsal ofioodendrogenesit couW be unmasked. 
Our studies on oOgod^ndrogenesis in Altar' doubt* 
mutants and Shf)' 1 ' mutants uncovered a transient pro* 
ductton of OPCs in the dorsal spinal cord. Tha dorsal 
generation of OPCs was also observed hi wBd-type spi- 
nal cords and was confirmed by in vitro culture of dorsal 
spinal cord oxplanta. Together, these observations sug- 
gest an Nkx- and Shh- independent mechanism for OUg 
Bene expression in the dorsal spinal cord after neuro- 
genesis and provide evidence for a tote phase of oBgo- 
dendrogenesii independent of motor neuron develop- 
ment in the dorsal spinal cord. 

Results 

Nkx6 Dosage-Dependent Olig Gene Expression in 
the Ventral Ventricular Zone during Neurogenesis 
Previous studies have demonstrated that NkxG.1 and 
Nkx6.2 have redundant functions in controlling motor 
neuron specification, with Alfcrfi. J having a larger effect 
than NkxG.2 (VaDstedt et al., 2001). To examine the ef- 
fects of different levels of NkxS gene activity on oligoden- 
drocyte development In embryonic spinal cord, we first 
examined the early expression of 0lig2, the principal 
Olig gene responsible for motor neuron and oligoden- 
drocyte development (Lu et al., 2002; Takebayashi el 
al., 2002), in the ventral spinal cords of various Wore 
mutants prior lo oifgodendrogenesls stages. Consistent 
with the previous findings (Lu et al., 2000; Zhou et al., 
2000; Takebayashi et al., 2000). at E10.5 and E12.0, OUg 
2 w» exclusively expressed In the pMN domain of the 
wild-type spinal cord (Figures 1A and IE). In heterozy- 
gous embryos (rVtorfi »♦'", tikxB.2*'- , or NkxS.1*'~ 
NkxG.2* 1 ') and Mtor6.2~'" homozygous embryos, OiigZ 



expression was not significantly affected (data not shown). 
In NforfXI*'- Wfc*6_2 '" embryos, expression of OHg2 In 
the ventral ventricular zone was slightly decreased (Fig- 
ures 1B and 1F). However, 0*p2 expression was mark- 
edly reduced in Nkx&r'- (Liu et al., 2003) or Aflbr&r'" 
NkxBS*'' embryos (Figures 1C and 1 G) and completely 
eliminated In Ntorfi. J""'' Nkx&r' (referred to at AScx*-" 
hereafler) compound mutants (Figures 1 D and 1 H). Col- 
lectively, these results indicated a dosage-dependent 
regulation of OHg2 expression in the ventral spinal cord 
by MtanS transcription factors, and its expression is 
largely dependent on AflorftT activity but to a lesser 
extent on Nkx6.2 activity. 



Delayed and Dorsal Expression of OUg Genes 
in NkxfT 1 ' Spinal Cords during Gtlogenesis 
To investigate whether the lack of Offg expression in the 
pMN domain leads to a complete inhibition of oflgodetv 
drogenesis in the spinal cord, we examined OPC genera- 
tion and differentiation at progressively later stages of 
embryonic development In NkxC-'- double mutants. At 
E13.5, many Offpf + and Oflg2+ OPCs had already mi- 
grated out of the ventral ventricular zone In wild- type 
spinal cords figures 2A and 2C). As expected, no migra- 
tory OWg+ cells were observed outside the ventricular 
rone In Nkxe~*- mutants. Surprisingly, a small number 
ofO/»'gf+ andO%2+ cells were detected In the mutants 
in both dorsal and ventral ventricular zone (Figures 2fl 
and 2D). The ventral expression of Olig genes in Nkx6~" 
mutants occurred at approximately the same position 
as the pMN domain. These data suggested a A/torfJ- 
independent regulation of Olig gene expression in both 
the dorsal and ventral spinal cord during oligodendro- 
genesis stages. The dorsal expression of Olig genes in 
the mutants became more apparent at El 4.5, when a 
small number of Oligt+ and Oi7g2+ OPCs started to 
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Fiflurt 2. Lite and Dorsaf Expression of 0*9? G«r>e In Alrf* Spiral Conk at the Thoracic Level 

Transverse sections troro E13.S (A-O), E14-6 (E-+fl. E15.S (MJ, and E1S.5 (M-P) speial cord* of wSd-lype and Wurf " embryos were subjected 
to in situ hybridization with riooprcbw for Offj? and Otgl. At El 3.5, 0*9! and Ohffi expression was upfeouUrted in Mbf" double mutants 
at both dorsal (indicated by arrowsj and ventral Jndicsted by the arrowheads) positions. At E14.S and Urter stages. OHgl-* and OtgS-r cans 
migrated Wo the surrounding regions in a dorsal to vantral gradient. In contrast to tKst scan at the wSd-type spinal cords. The positions of 
dorssJ-darfved 0»g+ cad* in E14J wid-typt spinal cortf art outlined by a square bracket In (E) and (O). 



migrate away from the dorsal ventricular 2one (Figures 
2F and 2H). Interestingly, very few migratory OPCs were 
produced from the 0/if -expressing ventral ventricular 
zone of the mutant spinal cord. Thus, a vast majority of 
OSg+ OPC cells in rVfcrfi"'" mutants appeared to origi- 
nate from the dorsal ventricular zone. At this stage, a 
distinct population of CHigl ■+ and Olig2+ cbIIs were also 
closely associated with the dorsal ventricular or subven- 
tricular zone of the wild- type spinal cords (Figures 2E 
and 2G), and there was an apparent discontinuity be- 
tween this group of 0/ip+ cells and the ventral-derived 
0tig+ cells (more apparent in Figures 5A, 51, 8C, and 
8E). Together, these observations suggest that a small 
number of Ofto+ OPCs are produced from the dorsal 
neuroepithelial cells In both normal and rVtarff"' - spinal 

At E15.5, the number of Oligl/2* cells in Nkx6~'- mu- 
tants was further increased, but most of them remained 



confined to the dorsal spinal cords (Figures 2J and 2L). 
In contrast a higher percentage (65%) of OISg1/2+ OPC« 
were found In the ventral half of wild- type spinal cord 
(Figures 21 and 2K), and they were presumably derived 
from the ventral neuroepithelial certs. By E1 8.5, OWg J/2-+ 
cells were distributed more or less evenly throughout 
the entire spinal cord in Nkx6~' mutants (Figures 2N 
and 2P). suggesting that the dorsal-derived Olig+ OPCs 
in Nkx£-'- mutants migrated progressively from the dor- 
sal to the ventral spinal cord. However, the number of 
Otig* cells remained significantly smaller than that in 
wild- type embryos (Figures 2M and 20; Figure 30). 

Delayed Appearance of Other Oligodendrocyte 
Markers In rVfcrfT' Mutants 

One critical issue for the dorsal-derived 0/fg+ cells is 
whether they are capable of differentiating further along 
the oligodendrocyte lineage. To address this question, 
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we examined the expression ot several oligodendrocyte 
marker* (e.g., PDGFRa, SoxlO, and MBP) downstream 
of Ohg1/2 in NkxC'' spinal cords. In wild- type spinal 
cords, expression of PDGFRa and SoxlO is restricted 



to oligodendrocyte lineage (Pringle el af., 1992; Stoft el 
al., 2002) and can be detected In the ventral spinal cord 
at El 3.5, whereas their expression In Nkx6~'~ mutants 
was not observed until El 8.5 (Figures 3A-3L), indicating 
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Rgurt 4. Divuptad Expresaion of MAP and Pi/ 1 In Nfart" Muter* 
Spinal Cord* 

(A-O) Spinal cotd section! «w« propanad tram El 8.5 wild-type (A 
am} C) and mutant (B and D] animals and hybridiiad wNh MSP (A 
and B) and PLP (C and D) riboprobes. 

(E-+C Spinal cord txplanU isolated *T>m El 3.5 wld-type and Morf-'- 
embryos m cultured on (toatsio, membranes tor 8 day* before 
they ware subjected to anti-M&o wtwle- mount iramunostainho. (Q) 
and (H) an hfohai majnificstion* of (E) and (F), respectively, showing. 
MBP+ myelinjlmg axons. 



a significant delay of OPC differentiation. Double irnmu- 
nostaininQ at this stage confirmed that a high percent- 
age of 0lig2+ cell* in Nkx6 mutants coexpressed 
PDGPRa and Sax 10 (Figures 3M-3P and 3R), a/though 
the total number of Ollg2*/PDGFRa* and 0lig2+/ 
Sox10+ cells per spinal cord section remained slgnHi- 
cantfy smaller (Figure 30). Similarly, expression of the 
mature oligodendrocyte markers MBP and PIP in mu- 
tant spinal cords was also affected, In normal embryos, 
many MBP*/PLP* oligodendrocytes were seen In the 
ventral spinal cord at E16.5 (Figures 4A and 4Q, How- 
ever, no MBP*/PLP+ cells were detected in A/farff-'- 
mutants al this stage (Figures 4B and 4D), Together, 
these results suggest that the dorsal- derived Otig+ celts 
in Nla6~ t ~ spinal cords can progress along the oligoden- 
drocyte lineage, but they develop and mature much 
more slowly than the early-bom ventral OPCs. 
To assess whether dorsal-derived OPCs In Nkx6~" 
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mutants are capable of differentiating into mature oligo- 
dendrocytes h vitro, we isolated spinal cord axptants 
from E13.S wfld-type and mutant embryos and cultured 
them on floating membranes. Folowing 8 days of out- 
turn, • smsJ number of MBP* cells started to emerge 
in mutant tissues (Figures 4E and 4F). Moreover, MBP* 
fibers, indicators of myelinating axons, were observed 
In the axon-enriched medial (ventral) regions of both 
normal and mutant exptants (Figures 4G and 4H). These 
results suggest that the dorsal-derived OPCs in Nkxt' 1 ' 
mutants are capable of differentiating into MBP* 
mature oligodendrocytes and form myelin sheaths, at 
least in vitro. 

Otlg+ OPCs Are Briefly Produced from the Dorsal 
NeuroepHhefial Cells and Transiently Coexpreas 
Some Dorsal Neural Progenitor Markers 
To verify the dorsal origin of a subset of Oiig* OPCs In 
both normal and Nkx6 ' spinal cords, sections from 
El 4 Z embryos were subjected to double Immunostaln- 
iofl with antibodies against OTtgZ and two dorsal neural 
progenitor markers, fax 7 and Masftl. During neurogen- 
esis and early gBogeneeii, Put? is expressed in the 
entire dorsal ventricular zone of the spinal cord fGoufcnng 
el at, 1993), whereas MasnT expression in the dorsal 
spinal cord is restricted to the dorsal intemeuron pro- 
genitor domains dl3-dl6 (Gross et aL, 2002; MuDer et 
al., 2002; Caspary and Anderson, 2003). Double immu- 
nostaining revealed that a subpopuletion of OllgZ* cells 
was closely associated with the Pax?* and Mash J + 
dorsal neuroepithelial cells in both genotypes (Figures 
5A-5J). Moreover, a smal number of migratory 0Hg2* 
cells in the dorsal ventricular zone or immediately adja- 
cent regions coexpressed Pax 7 and Mas/) 7 (arrows in 
Figures 5B-5D and 5F-5H; Insets in Figures 51 and 5J). 
These colabsling data strongly suggested that soma 
OligS* cells arose from the dl3-dl5 domains of dorsal 
neural progenitor cells in both normal and Aflorfi-'- spinal 
cords and that the dorsal-derived 0%2+ ceRs retained 
the expression of dorsal markers Pax 7 and Mashl for 
a brief period of time. Although only about 8% of Olig2+ 
cells were also Pax 7+ In E1 4.5 wild-type spinal cord, this 
may be an underestimate of the percentage of dorsal- 
derived OPC population due to the rapid downregutatlon 
of Pax? after they migrate away Into the surrounding 
region. Intrlguingly, the total number of Otig2*/Pax7+ 
and Ong2*/Mash1* cells in Mtorfr'- double mutants 
was significantly larger than that in norma) embryos (Fig- 
ure 5M) One plausible explanation is that the dorsal- 
derived OfigS* cells In mutant spinal cords proliferated 
more rapidly, possibly due to the lack of competition 
from the ventral-derived OPCs for mitogens. Alterna- 
tively, expression of Pax 7 and Mashl in dorsal-derived 
OPCs may be downregulated more slowly in NkxS mu- 
tants. 

To confirm our mapping of the origin of dorsal OPCs, 
we also compared the expression of Ollg2 with that 
of two other neural progenitor genes, Dbx1 and Dbx2. 
Previous studies have shown thai Dbxl is expressed 
in the dorsal- ventral boundary ol the embryonic spinal 
cord, whereas Dbx2 is expressed In the dl6 domain of 
the dorsal spinal cord and the pO and pi domains of 
the ventral spinal cord (Briscoe et al., 2000; Caspary 
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Hour. 6. Otfe-t C«K« Originated from Pmx7-* and Masft>+ but Ola- Dorsal Irrtemeuron Progenitor Domaine 

(A-H) Coexpreukm of P*x7 and 0«p2 In tht dorsal spinal com. £14.6 spinal cord sections ton «««<Myp« !/WJ) and Mo*"- (E-H) embryos 
wene tlmulUneojsly Immunottairwd with antlbodiet against Ottf fln green) and Pax? fri red). (BHD) and (FhM « the higher magnlficatione 
of the boxed areas In (A) and (E), respectively. In both genotypes, a group of OBgt* cell* war. produced tram th* Pa*?- dorsal ventricular 
zona, and aoma of the 0tig2+ cati retained the expression of Pex7 (repreaentsd by arrows in (BHDJ and (FHHB. 

(I-L) E14J wBd-type and Mot*"' spinal eord taction* were doubt* irnmunostained with rnlb-OEgt and anti-Mas/it embodies 0 and J), or 
subject to >i situ hybridization with OtixJ rfboprobe followed by artti-Oegi Immunohlstoohemistry |K and L). The CVigJ+/Ma*nJ+ doubie- 
posIHve cefla art represented w\ riaets in (Q and (J). The dorsal-derived OSgfi* csBs h (K) and r)4 are outlined by a square bracket. 
(M) Statistical analyse* (Student * t test) of Ofrg2-t tPn7* and 0»o24/Masn»4 double-positive cells In wild- type and MuT'' mutants 



and Anderson, 2003). Double labeling oi E14.5 spinal 
cord sections demonstrated that the dorsal Olig2+ cells 
lay immediately dorsal to DbxS expression (Figures 5K 
and 5L) but wed above Dbxl expression (data not 
shown). Indicating that the dorsal 01ig2+ celts were de- 
rived from regions above the dl6 domain. This result is 
consistent with the idea that dorsal Olig2+ cells are 
primarily derived from the Mash J + dl3-dl5 dorsal 
Intemeuron progenitor cells. 

To further confirm that the dorsal spinal cord has an 
Independent potential to generate OPCs, we dissected 
the dorsal and ventral halves of spinal cord from E11.5 
mouse embryos and cultured them separately in colla- 
gen gel or on floating membrane* in the absence of 
exogenous bFGF, which is known to induce OHg2 ex- 



pression m cultured dorsal neural progenitor cells (Ga- 
bay et aJ., 2003; Chandran et al, 2003). In E1 1 .6 mouse 
spinal cord, OPCs were not produced from the pMN 
domain yet (Figures 6A and 6B), excluding the possibility 
of dorsal invasion of ventral OPCs. Following 3 days of 
in vitro culture (equivalent to E14.5), a small number of 
Olig2+ celts started to emerge from the dorsal explanta 
and coexpressed Pax7 (Figure 6Q. Expression of later 
OPC markers PDGFRa and N62 In dorsal explants was 
seen after 4-* days of culture, and that of mature mark- 
ers GaJC and MBP was seen after &-B deys of culture 
in vitro (Figures 6E-6L). Together, these data indicated 
that the dorsal spinal cord explants have an intrinsic 
potential to produce OPCs, and the schedule of OPC 
generation and differentiation in dorsal explant culture 
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Is similar to that in vivo. In agreement with previous 
findings (Gabay el al., 2003; Chandran et si, 2003), addi- 
tion of exogenous bFGF dramatically increased the 
number of OtigS+ OPCs in both dorsal and ventral ex- 
plants (data not shown). 

Generation of Dorsal OPCs in the Absence 
of Shh Signaling 

The generation of OPCs in the dorsal spinal cord sug- 
gests a Sn/i-independent pathway tor oligodendrogen- 
esis, since ceil fate specification in the dorsal spinal 
cord is primarily regulated by dorsal midline signals, 
notably BMPs (Dickinson et ai., 1995; Uem et al„ 1995). 
To test the possibility, we examined whether OPCs' pro- 
duction from dorsal explants can be blocked by antf- 
Shn antibody. In contrast to the previous finding that 
Shh was partially required for 04 expression in dorsal 
explants (Sussman et aL, 2000), we found that arrb'-Shn 
antibody had no apparent effect on OTig2 gene expres- 
sion in dorsal explants, although it dramaticalty Inhibited 
Olig! expression in the ventral explants (Figures 7A-7D). 
To provide genetic evidence that oligodendrogenesis 
can occur Independent of hedgehog signaling, we differ- 
entiated ES (embryonic stern) cells deficient in pan- 
hedgehog signaling component Smoothened (Smo"*^; 
Wijgerde et al., 2002) in the presence of retinoid acid 
and found that GalC+ oligodendrocytes were formed 



from both normal and Smo"'" mutant ES celts at a com- 
parable efficiency (Figures 7E and 7F). 

We next examined oligodendrocyte development in 
Shh"' mutant spiral cord to confirm that Shh signaling 
is not responsible for dorsal oligodendrogenesis in vivo. 
In Soft-*- mutants, the spinal cord is dorsallzed, and 
most of the ventral structures Including the pMN do- 
mains arc missing (Chiang et at., 1996; Pie rani et aL, 
1999). Consistent with soma earlier findings that Shh is 
required for ventral ollgodendrogenesrs (Ui et al., 2000; 
Alberta et al., 2001), no early OfigW2+ OPCs were pro- 
duced in Shh mutant spinal cords at or before El 3.5 
(Figure* 8A and 8B; data not shown). However, at E14.5, 
a smail number ot Ofio7+ and Oi7g2+ cells started to 
appear m the dorsal region of the mutant spinal cords 
(Figures 8D and 8F). By E1 8.5, a larger number of 0%2+ 
cells were observed throughout the mutant spinal cord 
(Figure 8H). 

Similar to our data in NkxC 1 ' mutants, oligodendro- 
cyte lineage progression in Shh null spinal cord was 
also delayed. Expression of PDGFR and SoxW was not 
detected until El 8.5 (Figures 81-81), and no MBP expres- 
sion was observed at perinatal stages (Figures 8M and 
8N). However, when spinal cord explants isolated from 
El 8.5 mutant embryos were cultured in vitro for 2 addi- 
tional days, a small number ot MBP+ eels etarted to 
emerge in mutant tissues (Figures 80 and 8P), Indicating 
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that the dorsal-derived OPCs in S/ih mutants arc able 
to differentiate Into MBP+ mature oHgodandrocytaa 
as well. 

Discussion 

This study reveals an Nkx6- and Shh-independent mech- 
anism (or a late phase of Olig gen« expression in the 
dorsal spinal cord after the onset ot early olfgodendro- 
genesis from the pMN domain (Figure 9). The late OHg 
gene expression is associated with a brief wave of otigo- 
d androgen esi* in the dorsal spina) cord. These findings 
provide evidence for multiple origins of OPC generation 
involving distinct inductive signala during spinal cord 
development 

More- Independent Mechanisms for Olig Gene 
Expression and OKgodendrogeneais 
in the Spinal Cord 

Previous work had demonstrated that Nkx&l and 
Wtor6L2 have redundant functions in controlling motor 
neuron specification in the spinal cord (Vallstedt et al., 
2001). Consistent with this line of study, our findings 
indicate that rVtorS. J and NkxS.2 have redundant activi- 
ties In regulating the early expression of OligS in the 
pMN domain, with Nkx&l exerting a larger effect than 
Wfcx6_2 (Figure 1). In the absence of both /Vtar6\7 and 
Nkx€.2, the initial expression ot Olig 2 in the pMN domain 
is completely abolished. In keeping with the idea that 
early progenitors of the oligodendrocyte lineage are de- 
rived from the 0lig2+ pMN domain of the ventral spinal 
cord, the loss of OTtgS expression in the pMN domain 
in Nkx6~'~ mutants was associated with the failure of 
production of tarty OPC cells from the ventral spinal 
cord (Figure 2). 
Despite the lack of early expression of Olig2 in the 



pMN domain in Nkx^'- mutants, a low level of Otfgf 
and OUg2 expression started to be detected in both the 
ventral and dorsal ventricular zone alter the onset of 
ofigodendrogeneeis (Figure 2). In the dorsal spinal cord, 
Olig gene expression was detected In Pax7+ /MasM + 
dl3-d(6 dorsal neural progenitor domains starting at 
E13.S (Figures 2 and 5). In the ventral spinal cord, a 
small number of ventral ventricular cells started to ex- 
press CMg1 and OligS genes at approximately the same 
position as the pMN domain (Figures 2B and 2D). To- 
gether, these results indicate an Nfc»6-tnde pendent reg- 
ulation of Olig gene expression in both the dorsal end 
ventral spinal cord. The late phase of Olig gene expres- 
sion in the dorsal spinal neuno epithelium was also ob- 
served In wild-type spinal cord, mostly at E1 4 .5 (Figures 
5 and 8) but occasions try at El 3 J (data not shown). 
Thus, the dorsal ventricular OligS expression appeared 
to be slightly advanced or enhanced in NkxS mutants. 
This enhancement might partially account for the in- 
created population of Oflg2+/Pvt7+ cefls in the mu- 
tants. Interestingly, no Olig expression was observed 
in El 3.5 Shh mutants (Figure 8), suggesting that the 
premature or enhanced dorsal ventricular OHg expres- 
sion was not simply due to the loss of ventral patterning, 
but more specifically associated with the absence of 
Aftjr6 gene expression. 

The dorsal Olig gene expression was associated with 
a transient production of OPCs starting at around E14.5, 
about 2 days later than the ventral oligodendrogenesis 
from the pMN domain (Figure 9B). In both wild- type and 
NkxS- 1 " spinal cords, migratory Oligl/2+ OPCs were 
briefly produced from the dorsal neural progenitor cede. 
Several lines of evidence strongly suggest that these 
OPC cells are generated de novo from the dorsal ventric- 
ular celts, instead of having migrated up from the ventral 
cord. First, many dorsal Olig2 -+ cells coexpressed sev- 




eral dorsal neural progenitor genes such as Pax7 and 
Mas/i 7 (Figure 5). Second, dorsal neural explants iso- 
lated from El 1 .5 spinal cord prior to ventral ollgodendro- 
geneats can give rise to OPCs and oligodendrocytes 
on schedule as in vivo (Figure 6). Third, dorsal Olig2 
expression in NkxS mutants was no later than Its ventral 
expression. Ai E13.5 and E14.5, there was an apparent 
discontinuity of dorsal 0!ig2+ ceHs and ventral 0//p2+ 
cells in the mutants (Figures 2B, 2D, 5E, and 5J), and 
the number of 01ig2* cells in E14.5 dorsal hart far ex- 
ceeded that of ventral 0Ag2+ cells, arguino against the 
dorsal migration of 0//g2+ cells at least at these early 
stages. However, it is plausible that some ventral 00024 
cells could migrate dorsaliy after E14.5 and contribute 
to the dorsal OPC population. Finally, OPCs can be 
produced from the dorsal region of Shh mutant spinal 
cord, which locks the pMN domain (Pierani et al., 1899) 
and presumably the ventral oligodendrogenesis (Figure 
8), although we can not absolutely exclude the possibil- 



ity that • few 08g+ celts could also be generated from 
the remaining pO and p1 domains in the most ventral 
region (Pierani et al., 1999). Together, these observa- 
tions indicate that dorsal Olig2+ cells can be produced 
locally from the dorsal neuroepithelial cells in normal 
and Nkx£/Shh mutant spinal cords. Since the dorsal 
0/ig2+ /Pax7+ /Mash+ OPCs were observed in the tho- 
racic or even more caudal regions (data not shown), ft is 
unlikely that they represent the longitudinally migrating 
cells from the rostral hindbrain. 

Simitar to the early ventral OPCs, the dorsal-derived 
0/ig+ OPCs are capable of migration, proliferation, and 
differentiation along the oligodendrocyte lineage after 
they migrate out of the germinal zone. The delayed ap- 
pearance of PDCFRa 4 andSoxlO-r OPCs in the Vtar6~'~ 
and Shh"'' mutants indicated that the late- bom dorsal 
OPCs develop and differential* much later than the 
early- bom ventral oligodendrocytes. Although no MSP 
and PLP expression was observed in both mutants at 
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El 8.6, OPCa in both mutants could mature into MBP+ 
oligodendrocyte* (Figures 4F and 8PJ or even myelinate 
axons (Figure 4H) If they wore allowed to develop further 
in vitro. Consistency, OPCs generated In the dorsal ex- 
plantt of normal ernbryot could also difterentlata into 
mature oligodendrocytes (Figure 6). In general, there 
appears to be a parallel delay of OPC generation and 
their terminal differentiation as observed in other genetic 
mutant* (01 et al., 2003; Liu et al., 2003). 

A SMi-lndependent Pathway 

(or Oligodendrogtnesis 

in the Developing Spinal Cord 

Early studies demonstrated that blockade of Shh signal- 
ing can Inhibit oligode ndrogenesis both in vivo and 
in vitro (Orentas et al., 1999; Davies and Miller, 2001; 
Tekki-Kessaris et al.. 2001). Thus, It has been believed 
that Shh signaling is required for the development of 
oligodendrocytes m the entire CNS. However, the obser- 
vations that OPCs can be produced from dorsal spinal 
cord explants In the presence of anti- Shh antibody (Fig- 
ure 7) or from dissociated dorsal neural progenitor ceils 
in the presence of bFGF and cyclopamine (Chartdran et 
al., 2003; Kessaris et al., 2004) have suggested a Shh- 
independeni pathway for oligodendrogenesis. However, 
the efficiency and specificity of the antibody and cyclo- 
pamine inhibition could potentially lead to alternative 
explanations. Our observation that GafC-f oligodendro- 
cytes can develop from Smo"' mutant ES cells provides 
unambiguous genetic evidence that oligodendro gen- 
esis can occur in the absence of hedgehog signaling 
(Figure 7), at least In vitro. 

Despite the in vitro dots lor Shf> independent oligoden- 
drogenesis, there has been no evidence that this phe- 
nomenon can be applied to in vivo development Our 



findings that OPCa are generated from Shh''- spinal 
cord provide the missing ink that Shh- independent o*- 
godendrogenesis also occurs during spinal cord devel- 
opment as wel. In the absence of Shh sSgnaSng, 
Oftg7/2+ OPCs were still generated on schedule (at 
El 4.5) as in the wild-type dorsal spinal cord. Although 
we can not formally exclude the possibility that the 
hedgehog signaling In Shh ' 1 ' mutants could be compen- 
sated by the upregufation of expression of other hedge- 
hog members such as Indian hedgehog (ffin) or Desert 
hedgehog tphh), we do not favor this possibility, as 
we failed to detect by in situ hybridization (ISH) the 
expression of Ihh or Dhh in either wild- type or Shh mu- 
tant spinal cords around the onset of dorsal oligoden- 
drogenesis (data not shown). 

The signaling mechanism underlying the S/VHnde- 
pendent late phase of dorsal oFlgodendrogenesiS in the 
spinal cord is uncertain at this stage. Since bFGF can 
induce oligodendrocytes in dissociated dorsal neural 
progenitor ceils (Gabay et al., 2003) independent of Shh 
signaling (Chartdran et a)., 2003; Kessaris et aJ., 2004) 
and in dorsal explants (our unpublished data). It is con- 
ceivable that FGF signaling may be partially responsible 
for the late production of OPCs in the dorsal spinal cord 
(Figure 9C). In addition, the progressive reduction of 
BMP signaling over time may also contribute to dorsal 
oligodendrogenesis. It is known that BMP can antago- 
nize Son-induced oligodendrocyte specification, and 
experimental inhibition of BMP signaling is sufficient 
to induce oligodendrocyte production both in vivo and 
In vitro (MekW-Dauriac et al., 2002; Miller et aL, 2004; 
Vatlstedt et al., 2005 [this issue of Meuron)). Future stud- 
ies on the expression and function of various FGF and 
BMP molecules and their receptors will be needed to 
determine their possible in vivo roles in the late phase of 
oligodendrogenesis In the dorsal neural progenitor cetts. 
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Multiple Origins and Phases of Oligodcndrogenesto 
in the Developing Spinal Cord 

It Is generally accepted thai tarty OPCs are indix;ed from 
the pMN domain oi ventral spinal cord by the Stih signal 
(PoiK.et et al., 1996; PrtngJe ct aJ., 1996; Orerrtas et nl., 
1999) and that oligodendrocyte development is coupled 
Ic motor neuron development (Richardson et al., 2000; Ui 
et al., ?00?; ?hou a -id Ander;,on, ?DQ2). However, our data 
in NkxG ' and SWT'' mutants and in wiid type embryo* 
as wui have provided strong evidence that e subset of 
OPCs originate from the doreal spinal cord independent 
of motor neuron development at luter stuges of otigodon- 
drogenoEis. Therefore, there are multiple origins of, and 
distinct inductive mechanisms for, OPC production in the 
devnloping mammalian spinal cord. Based on these ob- 
servations, we propose that there are two phases of OUg 
gene expression during normal serial cord developmerrt, 
the SVi/AWwtvdDpendent tarty phase of OUg expression 
and ol.godendrogenesis in the pMN domain and the S/rfi/ 
AflwtS independent late phase ot Olig expression and oli- 
aodenrjiogunesis in the dorsal spinal cord {Figures 9A 
and 98). 

The dorsal obgodendrogenesis in mouse spinal cord 
has long boon unnoticed, because the production of 
OPC cells from the dorsal spinal cord is both late and 
transient (at around E14.5) as compared to the early 
OPC production (Fl 2.5) from the ventral spinal cord. By 
the time OPCs are being generated from the dorsal spi- 
nal cord, a large number of ventral -derived OPCs have 
already invaded Into the dorsal spinal cord and thus 
rn&sk the existence ol the late-born dorsal OPCs. Only 
in mutants (e.g., Nla6 ' and Shh ' ) in which the ventral 
otigodendrogenesis from the pMN domain is inhibited 
or greatly compromised can the dorsal generation of 
OPCs be uncovered. 



Spinal Cord t iplarrt Culture 

S«-grnent» of spinal cord tmsuea were isoteled from El 1.5, E13.5. 
m El 8 5 emtxyc.s at tt* thoracic region and grown either In collagen 
pel or un fi.O |.m nuclanpora polycarbonate membrane* (Coslar) 
floating on culture medium (DMEM * NJ supplement < 30 fig/ml 
T3 - «0 rig/mlT* + 1 mg/rnl BSA » Ci% FBS » Pen Strep). In out 
experience, the inclusion ol • email «mount of FBS In culture m»dium 
mad* crHe healthier and did not a|>pear tc «ip/iirican1)y affect ollgo- 

iough »e\im wm *henm la WriM OPC 



>d Ditfweotiatiori of Embryonic S1«m Call* 



maintained on MEF Ic 
enttation. £S i 



Mine* ol LIT and 4 additional day. m 5 ,.M retinok acid tc generate 
embryoid bod** (EB). Following 10 deye ot suapension culture. 
CB» *>'• trypslnbad with tryp»ir\/ED7A. and eels ware plated on 
lamrwi coaled co ver slips and cultured lor 1 5 days prior to rnmuno- 
fluore:>oeni stainhc with a'rti-GarC antibody. 
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V*j* 1 a.i<j NltxfiJ? ha-nt-ryyout nur embryos wen opuanad 
t ritortrft-dmc. ot double heteieiygous animals Genomic DNA 
cled from embryonic tissues oi mouse tafis was used for oeno- 
0 bt Scuthem a-ieV"* or by PCH. Geriotypino ot Nkrt. t and 

), respectively. Genoryplno of SW» mutant mice was tamed 
cco-dlnfl to Chiang et si. (1096). 



10 E1B.6 mouse embryos and then freed m 4% paratormnldettyde 
el 4"C overnight Foficwmc fixistbn. tissues were t-ancferrad tc 20V> 

tioned (?0 jim'thickness) on e cryostat Adjacent sectiorw fiom the 
wikj-typt and mirtant rembryot were (rjbwqueritry subjected Ic ISM 
or Immunofluorescent staming ISH was performed as described in 
Schswwi Wiemar^and Getm Mow (1993) with rr.mor modifica- 

al (;>000). For the corr,binaiior. of ISH and i-nmur,ohtsiochemistry. 
sections weri trsi subject It ISH with Dbxl riboprobe, nnued severaj 
timei with PBf. followed b> i-nrnanohistoehemieal rtaining with anb- 
OtfcjJ. ArtW«? jt :50 CSHB). anU-Masri J (i ;200!, anti-NS2 (1 :i 500). 
aiti-PDeffio (1.300), antj-MSP fl AOOO), a-Kt affli-GaC (1:50) were 
obiaHoe trom commercial eourcea. Ami-Wio2 (1:30001 arid antt- 

Drs. Chuck SiSei and Michael Wegner. 



Alberta. J., Park. S -K., Mora, J., Yuk, D., Fawlltcky, l„ la-ina-efli, p_ 
Vartanian, T„ Eti.es. C, arvi Rowltcn. C. (?001). Sonic hecgehog Is 
required du-no an early phase of olioodendrocyte development in 
mammalian b-ain. Mol. Cell Neo-osei. IS, 1*4-441. 
B-sco«, J., Pwram, A-, Jes*el. T., and Cricaon, J. (2K»). A honwo- 
doman proleln code tpecifiet proaonrtor cell icentify and neuronal 
fate in the ventral Mora! tube. Cell 10T . 435-145. 
Cai, J., St. Amend. T., Ym. H.. Guo, H., U. G., ^lancj, Y., Chen, Y„ 
and Olu, M. (1KHI). Eipression and regulalior. of the chicken rvfei- 
homeoboji oerw sugoest rt» potafble involvement In the verrtnal 
neural patterning and ceil fate specification. Dev. Dyn.216, 459-468. 
Cal, J„ Qi. Y., Wu, H., Modderrrran, G., Fu. H., Liu, fi.. and Okj, M. 
(ZOffl). Mice tacking the Nkx{.2 (Ga) homeodomain transcription 
factor develop and reproduce normally. Mot. Cell Biot. 31, 4399- 

4403. 

Carne'on-CurTy, P., and tc Douarin, N.M. P995). Oticjodendrocyte 
spina red. N«u-on 75, 1199-1310 

Caswary. T.. and A'lderson. K. (?0O3). Patterning cell type» m the 
dorsaj epinal cord: what the mouse mutants say. Nat Rev. Neuresoi. 
4. ?a&-?97. 

Allen, N !?0S3). rGF-deperKterri oener»tior, of ol'oodendrocyies by 
Chiang. C, UlinotunQ. Y., I ee, E.. Younp, IC. CoTJen, J.. Westptiat 
ir rmcf larkr^g innic hedgnhon gene function. Natut 383. 231 . 



APR 14 2005 11:23 \-H ^'J'l'l ICIST bl'i 9b2 <)Wi "V 1 7 1 KHH99120 



Davtes, J.E., and Miter. R.H. {2001 ). local tonic hedgehog tignaang of motor neuron subtype identity and p«n -neuronal properoaa lay 

reguUrte»o5godendrocyt« precurtorappeeri^eelnrruiWpfc veritrto- the bHLH repressor 0«g2. Neuron 31, T73-799. 

uler .rone dwtwirw h the chick meiencepheion. Dev. Otot 23S, Orantu. O . Hayes. J., Dyer. K, and Miter. R (1 888). Sonic hedgehog 

51S-62S. ilgrwumg la r*qufr*d dur»Tg the appearance of spinal cord cllooden- 

Dickmson, M„ SeHeck, M, McMahon, A., and Brcnrier-Freaer, M drocyte preeuraora. Development 126, 2418-24 28. 

(1 895). DorsaSzation o( the neural tube by the non-neural ectoderm. Plerani, A., Brenner-Morton, &, Chiang, C. and JetseH, TJ*. (1898). 

Development 121, 2089-2108. A eonlc hedgehog-independent, reuroid-ecwvated pathway pt neu- 

Fu. H., Ol, Y, Tan, M., Cad. J., Hirontde, T.. Nakafuku, M.. Wchardeon, rogeneal* In the ventral spinal cord. Ce« 87, 903-81 S. 

W„ and Om. M. (2002). Duel origin of spinal oligodendrocyte progeni- Poneet, a, Soule, O, Trouee*. F-. Kan, P, Hlnringer, t, Pourquh, 

ton and evidence for the cooperative role of C*p2 and NkxZJt In 0., OuDreL A_ and Cochard, P. (1996). Induction of oligodendrocyte 

the control of oftgodendrocyte differentiation. Development 138, progenitor* in the trunk neural tube by veotrafalno signals: effect! 

681-493. ol notochord and floor plate graft*, end of tonic hedgehog. Meeh. 

Oabay, L., Uwei, S., Rubin, L. and Anderaon, 0. (2003). Dereoule- 60 - ,3 - 3s - 

lion ol doraoventral patterning by FGF confers trHlneage different**- Prhgto, NJ>„ Mudhar, rt8. Colartal, tJ, and Richardson, W.D. 

lion capacity on CNE slem celt* in vitro. Neuron 40, 485-498. (1982). PDGF receptor* ki the rat CMS: during lata neurooermua, 
t'OGF alpha-receptor expreaaion appear* to be restricted to geai 

- - - ■ *fff,8SM«. 



ie developing spinel cord. Development 1 17, Pringta, N„ 

1001-1018. " 
Oregon, N.. Protchet, C, Noble, M„ and Mayer -Protchel. M 
The tripotential gsel- restricted precursor (GBP) oel and gtal da 



it 177,9 



_ r ..._ » splnaj cord: generation of bipotenhal okgodendro- Pringle, NJ> M Guthrie. 8, Lumeden, A., end Richardson. W.D. (1 988). 

cyte-type-2 aetrocyte progenitor r.eflt and dontal -ventral differences OoraaJ spinal cord neuraepKheflum generate* astrocytes but not 

inGRPce* function. J. NeuroeoL 22, 248-268. onocrfendrocytee Neuron 20. 883-893. 

Grow, M., DottorL M-, and Gouldhg, M. (2002). U»1 specifies so- CD, Y, Tan, M„ Hui. C.-C., and Qii, M. (2003). OK activity I* requfced 



matosenaory association krtemeurona ki the dorsal spinal cord. ■w normal Shh »ioha*'ng and 
Cell" — - 



Neuron 34, SI 

JeuaH. 7M- (2000). Neuronal (pacification ki the tpinal cord: kiduc- 
live signal* and transcriptional codes. Nat. Rev. Genet J, 20-2*. 
Kaasaris. N., Jamen. F.. Ruber. L, and Richardson, W. (2004). Coop- 
eration between sonic hedgehog an 



nsJa from the epidermal ectoderm. CH 82, 969-«79. 
Uu.rt.CaJ, J„ Hu, X. Tan, M„ CM. Y-, German, M, I 
Sander, M, and Ou, M. (2003). Ftegion-speclflc and stage -depen- 
dent regulation of Oag gene expression and oUgodendrogenesI* by 




Natl. Acad. Sci. USA 85. 3980-4001. 
Richardson, W„ Pringle, N., Yu, W, and Had, A. (1887). Origins of 
spinal cord oligodendrocytes: possible developmental and evoki- 



Ui, 0., Yuk. Alberta, J.. Zhum, Z.. PawMteky, I., Chan, J., McMa- 
hon, A.. Stllet, C, and RowHch, 0. (2000). Sonic Hedgehog -regu- 
lated oligodendrocyte lineage genes encoding bHLH proteins in the 

Lu. Q., Sun, T., Zhu. Z., Ma. N. Garcia, M., Stiles, C, and Rovritoh, 
D. (2002). Common develop men tAj requlrament for Otlg function 
Indicata* a motor neuron/oHgodendrocyt* connection. Del 109, 
7S-86. 

Mekkl-Oaurtac, S., Agiut. E„ Kan. P.. and Cochard, P. (2002). Bon* 
morphogenetlc proteins negatively control olgodendrocyte precur- 
sor specification k> the chick spinal cord. Development >28, 51 1 7- 



Rlchardson, WJD, Snath, KK, Sun, T, PnYigfa, HJP„ Hal, A., and 
Woodruff, a (2000). Olgodendrocyte aneage and the motor neuron 
connection. Glia 29, 136-142. 

Sander, M, Paydar, S., Erfcson, J., BrUoo, J., German, M., JesseH, 
Kt Rubensteln, J. (2000). Ventral neural patterning by Met ho- 




le Cm Prog. Neurobiel. 67, «S1-4i7. 
Mar, RH., Knato, KJ.. Wang, a 2, Geertmen, R„ Meier, CX, 
id Ha*, A.K. POO*). PaBarning of spinal cord olgodendrocyta da- 
». 76, 8-19. 




Soaaaky,N.,OHwlar,a,P< 
S., Thorn**, J, and Zoic, B. 
glial Hneages: a controversy. GHa 29. 143-148. 
SUtes, CJD. (2003). Loatlntp 



M Day. IB, 165-170. 
Sun, T^ Pringle, M, Hardy, A, Richardson, W., and Smith, H. {1899}. 
P*x-9 influences the time and Bite of origin of B »al precuraor* In tha 
ventral neural tube. MoL Cel. Neuroacl 12, 228-238. 
Susaman, C.R, Dyer, KX, MertJ>k>r«l, ar^ Mltor, R.a (2000). 
Local control of olic^dendrocyte development kt isolated dorsal 
mouse tpinal ccrd. J. 



APR 14 2005 11 : 24 FR "ST I 1CIST 



613 952 9 H) \ '"<> 17188899320 



■naagaa. Cun. Biol 12. 1167-1103. 

Taktt Kmtaria, N„ Woodruff. R. HO, K. Gaffiatd, W, Kimura, 8., 
SlihM. C. Rowttotl, D., and Richardson, W.O. (2001). Htdg«ho«- 





76, 740-783. 

n. 0. <200Jf). TTm bMLM tn 
IS and OLI01 coup* nwnnl and gial autotypa apaclflcatfon. 
Ca« >oe, «1-73. 

Zhou, Q„ Wang, S„ and Andaraon. D. S2000). Manttncatlon of 



Zhou, CL, Cho), Q.. and Andsnon. D. (2001). Tha bMLM tranacripiion 
tton with Ata2J. Nauron M, 791-907. 



** TOTAL PAGE. 15 ** 



Docket No.: 29556.0001 (SI -1976) 

U.S. Patent Application Serial No. 09/282,239 
Appeal Brief' filed January 24, 201 1 



EVIDENCE APPENDIX 
EXHIBIT 12 

Pringle et al., "Fgfr3 Expression by Astrocytes and Their Precursors: Evidence That Astrocytes 
and Oligodendrocytes Originate in Distinct Neuroepithelial Domains," Development 130:93-102 
(2003) 



APR 14 2005 12:01 PR ' n ICIST 613 998 5263 " • l 
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receptor 3 transcripts (Fg/rJ). They fnt appear la the 
ventricular woe (VZ) of the embryonic spinal cord in mid- 
gestation and then distribute into both grey and white 
matter - suggesting that they are gBal cells, not neurones. 
The Fgfi3* ceDt are intertpened with bat distinct from 
platelet-derived growth factor receptor a (Mf/ru)- positive 
oligodendrocyte progenitors. This ftti with the observation 
that Ftfr3 expression fa preferentially excluded from 
tfae p MN domain of the ?entral VZ where T^t/ru* 
oOgodendrocyle progenitor* - and motoneuron* - 
ordinate. Many gttal fibrillary addle protein (Gfap)- 
positive astrocytes co-express Fg/W In vitro and fa vivo. 
FgtrS* ceHi within and outside the VZ alao express 
-• • * synthetase (G&u). We 



conclude that (1) FgfrS marks astrocytes nod their 
neuroeprtbenal precoraors in the developing CNS 
and (2) astrocyte* and <H%odaidra«ytoa originate in 
complementary domains of the VZ. Production of 
astrocytes from cultured neuroepttbeliaJ cells is hedgehog 



Independently. In addition, we found that mice with a 
targeted deletion hi the FgfrS locus strongly upregnlate 
Gfap hi grey matter (protoplasmic) astrocytes, implying 
that sfgnantng through Fgfr3 normally repwoaes Gfap 
expression in vim 

Key words: Fgfr3. Targeted deletion, Asnocyie,K^vegBosit, 
CNS.N 



INTRODUCTION 

in the embryonic CNS, neurones and glia develop from 
the neuroepitbelial ecus of the ventricular zone (VZ) that 
surrounds the ventricle* of the brain and the lumen of the spinal 
cord. Different domains of roe VZ express different gene 
products and generate different subsets of neurones and/or glia. 
For example, the ventral half of the spinal cord VZ is 
subdivided into five regions labelled (from ventral to dorsal) 
p3, pMN, p2, pi and pO. These five domains express different 
combinations of rimneodomaiii (HD) and basic belix-loop- 
helix (bHLH) transcription factors and generate distinct classes 
of spinal neurones; pMN gives rise to somatic raotoneurones, 
whereas pO-p3 give rise to four classes of ventral interneurones 
(V0-V3 respectively) (reviewed by Briscoe and Ericson, 1999; 
jesselL 2001). In the brainstem, p3 also gives rise to visceral 
motoneuroncs (Ericson et al., 1997). 

After neurones, the VZ switches to producing glial 
cells. Oligodendrocytes, the myelinating glial cells of the 
CNS, develop from the ventral VZ. Small numbers of 
oligodendrocyte progenitors (OLPs), which express the 



platelet-derived growth factor receptor-a(Pdgfra), first appear 
at die ventricular sm&ce on embryonic day 1£5 0E123) mme 
mouse, then proliferate and migrate away into the grey and 
white matter before starting to differentiate into myclhv 
forming c*godo>drocyies (Milter, 1996; Register et al.. 1999; 
Richardson et al.. 2000; Spassky et al.. 2000). tn rodents, OLPs 
are generated from the same part of the Myoepithelium as 
somatic motoneurones (MNs) but not untfl after MN 
production has ceased (Sun et al., 1998; Lu et aL, 2000) (for a 
review, see Rowitcb et aL. 2002). This prompted us to suggest 
that there is a pool of shared neuroglial precursors that first 
generates MNs. then switches to OLPs {Richardson et aL. 
1997; Richardson et aL, 2000). This idea has been supported 
recently by the rinding that the bHLH proteins Olig l and 01ig2 
are expressed and required in pMN for production of bom 
motoneuroDes and OLPs (Lu et al., 2002; Zhou and Anderson, 
2002; Takebayashi et al., 2002) (reviewed by Rowitcb et al., 
2002). 

Where do astrocytes, the other major class of CNS fiia, 
originate in the neuroepithelium? It is believed that at least 
some astrocytes are generated by transdifferentiation of radial 
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glia (Bignami and Dabl, 1974; Choi ct aJ., 1983; Benjclloun- 
Touimi et al., 1985; Voigt, J 989; Culican et al., 1990). Others 
are formed from multipotent precursors in the subventrinilar 
zones (SVZ) of the postnatal brain. However, the origins of 
astrocytes in the developing spinal cord are unclear, so we 
looked for an astrocyte lineage marker that might be helpful in 
following the development of astrocytes from their earliest 
precursors in the VZ. Previous expression studies of the 
fibroblast growth factor receptor 3 (Fgfr3) suggested that this 
receptor might be expressed in glial cells, possibly astrocytes 
(Peters et al., 1993; Miyake et al., 1996). Our own studies, 
reported here, support this conclusion and suggest that Fgfr3- 
positive astrocytes develop from Fgfr3- positive precursor cells 
in the neuroepithelium. Fgfr3 is not expressed equally in all 
parts of the neuroepitbeliuni but is reduced or absent from 
pMN, suggesting that astrocytes and OLPs have separate 
neuroepithelial origins. We also found that astrocytes are 
formed in vitro in the absence of hedgehog signalling - unlike 
oligodendrocytes, which require sonic hedgehog from the 
ventral midline. This reinforces the notion that at least some 
astrocytes develop independently of OLPs. 

To investigate the function of Fgfr3 in astrocytes, we 
examined mice with a targeted deletion in the Fgfr3 locus 
(Colvin et al., 1996). The number of fg/rJ-expressing cells 
was norma] in the knockout suggesting that Fgfr3 does not 
mediate a mitogenk or survival-promoting effect for these 
cells. However, Gfap was markedly upregulated in grey matter 
astrocytes, which normally have little or no Gfap - unlike their 
counterparts in white matter. Our results imply that signalling 
through Fgfr3 normally represses Gfap expression in grey 
matter astrocytes and suggest that white matter astrocytes 
might preferentially express Gfap because ligands for Fgfr3 are 
not normally available in axon tracts. 



MATERIALS AND METHODS 
Tissue and call culture* 

Spinal cords from stage 12-13 (48 hour) chick embryos were dissected 
into dorsal, middle and ventral thirds using a flame-sharpened 
tungsten needle. Tissue fragments were cultured as explants to 
collagen gels (Guthrie and Lumsden. 1994) in defined BS medium 
(Bottenstein and Sato, 1979) containing 0.25% (v/v) foetal bovine 
serum (FBS) and conaJbumin in place of transferrin (Pringle et al., 
19%). 

For dissociated cell cultures, EI7 rat cervical spinal cords were 
digested in 0.23% (w/v) trypsin in E&rie's buffered saline (Ca 2 * and 
Mg J * free; Gibco) for 15 minutes at 37*C, then FBS was added to a 
final concentration of 10% (v/v) and the tissue physically dissociated 
by trituration. Cells were washed by centrifugation and resuspended 
in BS medium before plating in a 50 pi droplet on poly-D-lysine- 
coated glass coverslips (5X10 4 cells/coverslip). Both explants and 
dissociated cell cultures were cultured at 37*C in 5% CO2 in a 
humidified atmosphere. 

Neutralising Shh activity in vitro 

Monoclonal Shh neutralising antibody 5E1 (Ericson et al., 1996) was 
concentrated by ammonium sulphate precipitation from hybridoma 
supematants (Harlow and Lane, 1988). Monoclonal anti-NG2 
proteoglycan #4.11 (Stallcup and Beasley, 1987) was used as a 
negative control. Precipitated antibodies were dissolved in a small 
volume of PBS and dialysed first against PBS and then Dulbecco'i 
modified Eagle's medium (DMEM, Gibco). The final volumes were 



approximately tenfold less than the starting volume* and were 
i assumed to be ten time as concentrated. Explants were incubated in 
the presence of either anti-Shh or control anybodies at twice the final 
r concentration. Antibodies were added at the start of the experiment 
and fresh medium and antibody were added each day thereafter, hi 
some experiments cyclopamine (1 pM; from William Gaffield) 
instead of anti-Shh was added to cultures daily. 

BrdU labelling in vivo 

E 1 8 pregnant mice were injected intrapernoneaUy with BrdU at 50 ug 
BrdU per gram body weight. Two injections were given, 6 hours apart. 
Mice were sacrificed 3 hours after the second injection and the 
embryos were processed for Fgfr3 in situ hybridisation and BrdU 
immunolabelling. 

Preparation of tissue sections 

C57BI/6 mice were obtained from Olac and bred in- house. Neon on 
the day of discovery of the vagina! plug was designated embryonic 
day 0.5 (E0.5). We also used fg/ri-oull mice (Colvin et al, 1996) 
bred at UCL. Mid-gestation embryos were staged according to the 
morphological criteria of Theiler (Theiler, 1972). Rats (Sprague- 
Dawley) were obtained from the UCL breeding colony and staged 
according to Long and Burlingame (Long and Buriingame, 1938). 
Fertilised White Leghorn chicken eggs were obtained from Needle 
Farm (Cambridge, UK). They were incubated at 38'C and the chicken 
embryos staged according to Hamburger and Hamilton (Hamburger 
and Hamilton, 1951). 

Embryos were decapitated and immersion-fixed in cold 4% (w/v) 
paraformaldehyde in phosphate-buffered saline (PBS) for 24 hours 
before cryoprotecting in cold 20% (w/v) sucrose in PBS for at least 
24 hours. In sections processed for unmunohistochemistry after in situ 
hybridisation, the fixation time was reduced to I hour to preserve 
epitope integrity. Tissues were immersed m OCT embedding 
compound (BDH), frown on solid COj and stored at -?0*C before 
sectioning. Frozen sections (15 urn) were cut oil a cryostat and 
collected on 3-amirMjpropyl-tricthoxysilane (APES)-coaled glass 
microscope elide*. Sections were air-dried for 2 hours before stcrin* 
dryat-WC 

Immunohlstochamlstry 

Anti-Ofap monoclonal ascites, clone G-A-5 (Sigma), was used at a 
dilution of 1:400. Anti-BrdU (monoclonal BU209) (Magaod et al., 
1989) was used at 1:5 dilution. Monoclonal 04 (Sommer and 
Schachner, 1981) was used as cell culture supernatant diluted 1:5. 
Secondary antibodies were rhodamine- or fluorescein-conjugated goat 
anti-rabbit or goat ami-mouse immunoglobulin (all from Pierce) 
diluted 1:200. All antibodies were diluted in PBS containing 0.1% 
(v/v) Triton X- 100 and 10% (v/v) normal goat serum, except 04. 
which was diluted in PBS alone. Sometimes diaminobenzidine (DAB) 
labelling (ABC kit, Vecwr Laboratories) was used instead of 
fluorescence detection. 

In situ hybridisation v 

Our in situ hybridisation procedures have been described (Pringle et 
al.. 1996; Prutiiger et al.. 1999); detailed protocols are available at 
htm://www.ucl.ac.uk/-^bzwdr/richardson.htm. Digoxigenin fJDIG)- 
or fluorescein (FrTQ-labelled RNA probes were transcribed in vitro 
from cloned cDNAs. The rat Fgfr3 probe was transcribed from a 
-900 bp partial cDNA encoding most of the tyrosine kinase (TK) 
domain (W.-P. Yu. PhD thesis. University of London, 1993) and the 
chicken FgfrS probe from a -440 bp partial cDNA encoding part of 
the TK domain (from Ivor Mason. King's College London). The 
mouse P dgfra probe was made from a «-l 600 bp cDNA encoding most 
of the extracellular <tai»ih_(from Chiayeng Wang, University of 
Chicago). The chicken Pdgfm probe wat made from a -3200 bp 
cDNA covering most of the 3' untranslated region of the mRNA (from 
Mare Mercola, Harvard Medical School, Boston). 
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te sections of embryonic chick »nd mouse 

ie37(Ell);(E)cbick - 



(A) Chick stage 22-24 (E3J-4); (B) chic 
El 3 J; tad (0) mowe £14. ?Ji*Hfe 



34 (Bit); (Q chick *uge 35 (E9UD) chic| <«g ^JJg »*" ^^^Z^^ ta^oT^^I VZ (B). Starring 
but tcartered fgfrj* cell* ire present trm^ughom mow of ^crc«-«ecti°o «"*°«^ of fffri expreaaion. A similar 



reified ITof^L^'vZ ^ a^ge3S <E9) <ord. sr^gj*^ 
. ie (F,G). However, the ventral 'gap if 



»:200tim<A-D), 100 |ia> 



For double in titu rrybridisation, two probes 

and the ocher DIG labelled - were applied to sec..™- ..... . 

Tte FITC *ig«al was visualised with alkaline phosphatase <AJr> 
coojugated .nTrTTC Fab, fragment 

ic^jowetmolinm violet (INT) and J-bromc-*-chk>rc-3-mdoW 
photphate (toluidine salt) (BOP), which produce* • magenta>bnj«m 
SHoa. The actions were P^^^J^™ 
inactivated by heating * 65'C for 30 minute* followed by abating 
in 02 M glycine (pH 2) for 30 nni,»wj « ™ZSZ?£J£ 
rKr-BCff reaction product w» removed by dehydration through 
graded akohoU, concluding with 100* ^J'Jl^J 
room tempentnre. Toe MO signal wa* then vto«h«d with AP» 
conjugated anti-DK3 Fata fragments and t mutnae of rom*iue 
tetrazotar, (NBT) and BOP (all reagent, from Rocbe^ Motecutar 
Biochemical*) and the section* re-rrfK^hei No l.Wlmg 
NBT/BCIP wu observed when we omitted either the DIG labelled 
probe or the anti-DIG antibody (dam not shown). 

For the Fgfr3-Pdtfra double in iitu hybridisation of Rg. 4 we 
viruahsed the FITC (Pdgfra) signal with horseradish P™"*" 
(HRPKonjugated aoti-FITC Fabj fragments (Roche) **we 
SS ^irfluoreacdn-tyramide reagent (NEN™ Life Science 
Product*. Boston) according to the rnanufactuiw*! inwructwra. The 
HRP-conjogate was inactivated by incubating in 2% (v/v) hydrogen 
™S» minutes at room temperature. The DIG C/g/W) signal 
was then visualised with HRP-conjugated anti-DIG Faba n^"*"" 
followed by rhodamine-tyramide, and the sections photographed 
under fluorescence optics. As specificity control* we omitted either 
the FITC labelkd Pdgfra probe or the HRP-conjugated anu-FiTC 
antibody, which gave do staining other than for Fgfr3 (not shown). 
Combined Immunolabeffing and In situ hybridisation 
For the experiment of Fig. 7. cultured cells were first subjected! n 
in situ hybridisation with a ^labelled RNA probe against FgfrJ 
then immune-labeled with anti-Gfap and biounylated goat-anti-mouse 
lg The Gfap signal was developed with DAB and the slide* 
dehydrated through ascending alcohols, dipped in nuclear emulsion 
(llford K5). exposed in the dark for several days and developed m 
Kodak D19. 



FITC labelled RESULTS 



Fgfr3 expraaalon In tha embryonic spinal cord 
We examined Fgfr3 expression in the embryonic chick spinal 
cord by in situ hybridisation. At stage 22-24 (corresponding to 
~E4) Fgfr3 expression was confined to the floor plate and the 
ventral two-thirds oftbeVZ(R«. 1A). By stage 34 (E8) Fgfr3 
expresiiOThadrxeaexiiitgmai^ 
that a gap developed in the expression partem (e.g. Fig. IB). 
Individual Fffr3* cells were also preaent outside the VZ 




Fig. 2. Expression of Fgfr3 and Oli$2. Transverse sections through 
itage 35 (E9) chicken spinal cord* were subjected to in situ 
hybridisation for Fgfri (A) or double in situ for Fgfi-3 and Olig2 (B). 
At this age. Fg/W express** it confined to the VZ and a few 
tcartered celll outiide the VZ. The two spatially teparated domains 
ofrgfriexpre«iona«cleariyvisibk(A).cWg2is«r*eaaed 
predominantly within the ventral 'gap' of Fgfr3 expression (B). This 
suggests that pMN (brackets), which generates Pdrfm* 
oligodendrocyte progenitors (OtPt). doe* not alio generate Fgfr3* 
putative astrocyte progenitors. Scale bar 30 |tm. 
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Fig. 3. Incorporation of BrdU by FtfW-expressing cells. We labelled 
El 8 embryoi by two intra-pcritoncal injections of BnlU, 6 hour? 
apart, into the mother. We harvested the embryo* 3 boon later and 
performed in situ hybridisation for Fgfr3 followed by 
immurmhiaochemiitry tor BrdU. The Fgfr3 (A) and BrdU (B) 
images were superimposed using Adobe Photoshop (C). Many 
/*)W-expr««ng cell* incorporated BrdU (C arrowi), cewftrroing 
that they can divide after exiting the VZ and are therefore unlikely lo 
be neurones. Arrowheads is B,C indicate f ^negative cells that 
have incorporated BrdU. 



after stage 34 CBS), both lateral and dorsal to the FgfrS* 
neuroepithelial domains. Often the individual cells appeared to 
be streaming away from the VZ into the parenchyma. This 
is evident in Fig. 1C, for example. By stage 37 (Ell) Fgfr3 
expression was no longer detectable in the VZ but scattered 
Fgfr3* cells were present throughout the grey and white matter 
of die cord (Fig. ID). Fgfr3 expression followed a similar 
progression in mouse and rat (Fig 1F.G and not shown). Id 
rodents, however, the ventral gap in Fgfr3 expression was not 
as pronounced as in chicks (Fig. 1G. arrow). 

A scattered population of Mispressing cells is found 
throughout most regions of the late embryonic and postnatal 
mouse brain, both in white and in grey matter. As in the 
embryonic spinal cord, there appear to be specific regions of 
the embryonk brain VZ that give rise to FgfrS* cells that 
stream away from the VZ into the parenchyma (not shown). 

Fgfr3-expressing cells originate mainly outside the 
pMN domain of the neuroepithellum 

In the developing spinal cord, neuroepithelial precursors at 
different positions along the dorsoventral axis generate distinct 
neuronal subtypes. The ventral half of the spinal cord VZ is 



rpinal cord simultaneously with a DRWabeOed Fgfr3 probe together 
with in FlTC-labelled Pdgfra probe to visualise OLPi. The Ftfr3 
(ignal (red) was visualised with rho(ianune-4yrarnide reagent and the 
Pdgfm signal (green) with fluoresmn-ryrainide. Scattered individual 
Fg/r3* and Pdgfm* cells can be seen tinwjsjxxtt bodi wtnte and «ty 
matter of the cord, but these are separate and discrete oefl 
populations. We conclude that the great majxity tf F*/W*ceusin 
the cord are not OUt. 

divided iato five neuroepithelial domaiaa known as (from 
venD^too^rjrsal)rj3,pMN,p2,plarMipO(BriacoeetaI,2000). 
Of these, pMN is known to generate motoneurones followed 
by obgodendrocyte progenitors (OLPs). It seemed to us that 
the ventral gap in Fgfr3 expression (Fig. 2A) might correspond 
to pMN. To test this, we performed double in situ hybricfasation 
for Fgfr3 and OUg2 (which defines pMN) (La et aL, 2000; 
Zhou « al., 2000). At stage 35, the OUg2 in sito hybridisation 
signal was within the gap in the Fgfr3 signal (Fig. 2B, arrow). 
Therefore, Fgfr3 is rnrferentially downreguhued in pMN 
where oUgodendrocyte lineage cells originate, but is expressed 
both ventral and dorsal to pMN. 

FgfrS- expressing celts are glla 

The fact that most of the scattered FgrrJ* cells are generated 
after stage 34 (Eg) in the chick. E13J in mouse, it itself a 
strong argument that they are glial cells, not neurones, because 
most spinal neurones are bom before this (Ahman and Bayer. 
1984). That some of the Fgfr3* ceils are found in axon tracts 
also suggests that they are glia, for there are very few neuronal 
cell bodies in fibre tracts. 

Another indication that they are glial cells is that they 
continue to divide after they leave the VZ. We showed this by 
injecting BrdU into a pregnant mouse atlg days gestation. The 
embryos were removed 3 hours later and processed by in site 
hybridisation for Fgfr3 followed by unmunolabelling for 
BrdU. We found many (Fgfr3*. BrdU*) cefls scattered 
throughout the white and grey nutter of the cord (Fig. 3, 
arrows). This confirms that Fg/i-J-expressing cefls divide 
in vivo and are therefore unlikely to be neurones or neuronal 
progenitors, which leave the VZ as postmitotic cefls. This 
strengthens the idea that me Fg/rJ-expressing cells are glia. 
There was also a population of (BrdU*. Fgfr3~) cells in both 
grey and white matter (Fig. 3C, arrowheads), so there is a 
distinct population(s) of dividing cells that do not express 
Fgfr3. 

Fgfr3HJxpresslng celts are distinct from Pdgfra* 
oligodendrocyte progenitors 

To determine whether the FgfiJ* cells that we detect are 
oligodendrocyte progenitors (OLPs), we double labelled 



APR 14 20O*> rnv.--. 



# 



Fgfr3 expression 97 




Fta. 5. fifrJ-po»itive cells ire unaffected in Pdgfo null spinal cord*. 
Coniecudve sections of newborn wild-type or Pdgfo Vrwctouti incuse 
cervical spina] cords were hybridised in situ with probe* n FrfrJ 
( A.B) or Pdtfrv (CD). The number of Pdgfm* OLPs is 
reduced in the MgyVI toockow (compare C with D) but neither die 
number nor the Attribution of FgfrS' celU if changed maieei My 
(A J). Again, we conclude thai the Fgfr3+ cells and Pdgfm* OLPs 
are different cell*. 

rootiK E18 and P2 spinal cord sections for Fj/rJ *nd ft/*/**, 
an established rnarker of early OLPs. Both in situ hybridisation 
probes labelled similar numbers of cells that were scattered 
throughout the spinal cord grey and white matter, but the two 
cell populations were completely non-overlapptng (Fi*. 4). 
This also held true throughout tie postnatal brain (N. P. P., 
unpublished). We also looked in newborn Pdgfa knockout mice 
which contain far fewer Pdgfiv* OLPs than normal (Frutuger 
et al 1999) Despite the lack of OLPs, there were normal 
numbers of Fgfr3* cells at this age (Rg, 5). Clearly, the FgfrJ* 
cells detected by our in sits hybridisation procedures are not 
early OLPs bat * different cell population. This is consistent 
with the fact that in mice lacking Fgfr3. early events of 
oligodendrocyte lineage progression occur normally and the 
numbers of Pdgfra* cells remains unchanged (R. Bansal, 
personal cwrarainkation) <N. P P. unpubh'shed). 
Fgfr3-expresslnfl cell* are astrocyte* and astrocyte 
precursors 

To test whether the Fgfr3+ cells might be astrocytes, we double 
labelled E18 mouse spinal cord sections for FgfrS and Gfap 
mRNAs. At E18, white matter astrocytes begin to express Gfap 
mRNA, which initially remains in the astrocyte cell bodies and 
allows identification of individual astrocytes. (As astrocytes 
mature further, bom Gfap mRNA and protein are relocated to 
the extending cell processes, making individual cells difficult 
to distinguish.) 



cord wiifa an OTC-laoelted Gfap mRNA probe (A) anda 

DIG-tabeltod FtfrS probe (B). The Gfap and Fgfr3 hybrtisafea 
«,c M it *e« vuuafited and pr^ographed sequentially (see Mstei 



_._ Methods). AH the G/ap-expressrog astrocytes also expressed 
FzfrSit*. arrows), to general. Ftfr3* cells in the grey matter 
(arrowheads) did not co-express Gfap. 



All the Gfap* astrocytes in developing white matter at E1S 
also expressed Fgfr3 (Rg. 6, arrows). This result clearly 
identifies many of the Fg/rJ-expressing cells as astrocytes. 
Nevertheless, the majority of Fg/rl-exoressing cells in the grey 
matter (Fig. 6B, arrowheads) are (^-negative. We presume 
that these represent G/t^neganve, possibly inroatore. 



In an attempt to label all astrocytes, including <#bp-Degative 
astrocytes, we used an in situ hybridisation probe against 
glutamine synthetase mRNA (Gins) (EC 6.3.1.2). Gins is 
widely regarded as an astrocyte marker, although there have 
been reports mat it is also present in mature oligoderidrocytes 
and even OLPs. We found mat Gins transcripts were present 
in the VZ of the E15 mouse spinal cord and in cells outside 
the VZ in a pattern that was very similar that of Fgfr3 (Fig. 7). 
This is consistent with die view that FgfrS and Gins mark 
astrocytes and their precursors. This conclusion was further 
orerigthened by studies of cultured astrocytes (see below). 

Cultured astrocytes co-express Gfap and Fgfr3 

When CNS cells are dissociated and placed in culture, 
astrocytes in the culture uprcgulate Gfap and are easily 
recognisable. We dissociated and cultured cells from El 7 rat 
cervical spinal cord and labelled them by in situ hybridisation 
for Fgfr3 and by inununocytocliemistry for Gfap. Almost all 
of the Gfap* astrocytes also expressed Fgfr3 (Table 1; Rg. 8, 
arrows). There was also a small population of flat, fibroMast- 
like FgfrS* cells that did not express Gfap (Rg. 8, arrowheads). 
The number of these cells decreased with time in culture; at 3 
days they were 6% of all cells, by 9 days less than 1* (Table 1). 
These (FgfrS*. Gfap—) cells might be astrocyte precursors or 
immature astrocytes that have not yet upregulated Gfap. In any 



Table 1. E17 rat spinal co rd cell cultures double labelled for Fgfr3 and Gfap 

fyrJ-Ofttr (astrocytes) ft/fj- Gfapr (other ceUt) 



Dissociated cells from EH t* spin*' cord 



Fgfr3* Gfap- (astrocyte precursors?) 

17/275 (6») ~" 
23/596(4*) 
4/645 (<l») 

cultured for 3. 6 or 9 days and 



Fgf'3* Grip* (astrocytes) 



69/275(25*) 
82/596(14*) 
197/645(31*) 



189/273(68%) 
4*9/596(82*) 
443*45 (69*) 

RNA followed by 

m iFtfrJ*. Gfcp-) ,nd t * her 



chemistry for Gfip protein. We counted astrocytes {Fgfrr. Gfip* md fa/W". Cfsp*). P**** wrocyie preconon if „„^ fl „ llvE 
cl ? m, ? , 2 "ii'ILT^g,^ miorily a GFAP-exprecinf astrocytes also npreiKd FtfrS These data are from a sintte reproenutlve 
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Fig. 7. Co-expression of Fgfr3 and glmamine synthetase (Gtos) in 
the VZ «nd parenchyma of the embryonic mouse spinal cord. Then 
was considerable overlap between the in situ hybridisation signals for 
Fgfi-3 and diu in the E15 mouse spinal cord, strongly suggesting 
that Ftfr3* cells correspond to glial (presumably astrocyte) 
precursors. Arrows indicate cells that express botb Frfr3 and Glm. 



case, this experiment provides dear evidence that most or aO 
Gfap* astrocytes in culture co-express Fgfr3. 

Gfep it unregulated in grey matter astrocytes m 
Fgfr3 null mice 

If FgfirS is expressed by astrocytes, we might expect to see 
specific effects on astrocytes in transgenic mice homozygous 
for a targeted disruption of Fgfr3 These mice have previously 
been shown to have skeletal and inner ear defects but do CNS 
defects have yet been reported (Colvin et at, 1996). 

We visualised astrocytes in spinal cord sections of 3 -montb- 
old Fgfr3 null mice, together with tbeir heterozygous Fgfr3^- 
and wOd-type Httennates, by lmmunolabelling with anti-Gfap. 
Heterozygous and null mutant mice all displayed the normal 
pattern of Gftp expression up to 6 weeks of age. Gfap 
expression was observed in the white matter around the 
circumference of the spinal cord, many Gfap-labeiled 
processes being oriented in a radial direction (Eg. 9A). By 
comparison, there was little or no Gfap expression in the grey 
matter; except in astrocytes associated with blood vault. 
Between 6 weeks and 2 months of age, a striking up-regulation 
of Gfap expression occurred in the grey matter of Fgfr3 null 
mice, though not in their heterozygous or wild-type li Herniates 
(Rg- °B). Astrocytes lining blood vessels also had increased 
Gfap inmunoreactivity. 

"The number of cells that contain Fgfr3 mRNA was not 
noticeably different in Fgfr3-nxx& spinal cords compared with 
wild type (data not shown). This suggests that Fgfr3 does not 
normally mediate a signal for proliferation or survival of 
astrocytes, although further experiments (eg. BrdU labelling 
in vivo) would be required to substantiate this. 

Astrocyte development In vitro does not depend on 
Hedgehog signalling 

In the spinal cord, production of ventral cell types - 
motoneurones, ventral interneuror.es and OLPs - is dependent 




Fig. 8. Cultured cells from E17 rat spinal cord double-labelled for 
Ftfr3 and Gftp. Cells were hybridised in situ with a "S-labelled 
RNA probe for Fgfr3, then immunolabelled for -0% followed by 
imccadSosTapby (see Materials and Methods). The Fgfr3 signal 
(black silver grains) is present over roost Gfap-positive cells (brown 
DAB reaction prodoct: arrows) (also see Table 1). Scale bar 10 (un. 
Arrowhead indicates an f^i-poaiuve, Cjfap-negarive cell 



on Sbh signalling (Ericson et al., 1996; Oientas-et al, 1999) 
(for a review, see JesseH, 2001). We wanted to know wbether 
production of astrocytes from the ventral neural tube is also 
dependent on She. We microdissected stage 12/13 (E2) chick 
spinal cord into thirds along the dorsoventraJ axis and cultured 
the ventral-most fragments in collagen gels with either a 
control antibody or an anti-Shh neutralising antibody (see 
Materials and Methods). After 48 hours in culture we labelled 
expbmtt with monoclonal antibody 4D5, which recognises 
u — ■ -! »-«• - j jjj2 jjj motoneurones. Control 

IsJ* cells, whereas none were 
explants incubated with anti-Shh (data not 
shown). After a further 10 days in culture (12 days total) we 
visualised OLPs with monoclonal antibody 04 (Sommer and 
Schachner, 1981) (Kg. 10CJ>) and astrocytes with and-Gfap 
(Fig. 10KB). AU of the explants incubated with control 
antibody (19/19) contained large numbers (>300) of 04* late- 
stage OLPs (Hg. IOC). As expected, OLP production was 
markedly decreased by anti-Shh (Fig. 10D); 14/22 explants 
contained no 04* cells and, of the rernaining eight explants, 
seven contained fewer than ten positive cells and the other one 
contained 38 positive cells. By contrast, all explants contained 
numerous (>300) Gfap* astrocytes whether they had been 
incubated with control antibody (19/19) or anti-Shh {22/22) 
(Fig. 10AJB). 

Similar results were obtained with explants from 
stage 25 (E5) embryos from which we were able to dissect the 
ventral one-quarter of the neural tube and discard the floor 
plate. Once again, large numbers of Gfap + astrocytes developed 
in explants cultured with control antibody (22/22) and with 
anti-Shh (25/25). even though OLP production in these 
explants was inhibited by anti-Shh (not shown). 

To test the possibility that other hedgehog (Hh) proteins 
(Desert Hh, Indian Hh) control astrocyte production in ventral 
explants. we inhibited the activity of all isoforms with the 
alkaloid cyclopamine {Cooper et aL, 1998; Incardona et al., 
1998). This gave similar results as Shb neutralising antibodies 
(data not shown). Thus, we conclude that astrocyte induction 
in ventral spinal cord does not require Hedgehog signalling. 




Fig. 9. Gftp upregulatioii in trey miter astrocytes in Fgfr3-w® 
mice. Transverse sections through the cervical spinal cords of 2- 
month-old wild-type (A) and FgjM-mill rake (B) were 
immunolabeled with inti-Gfap. In the wild-type cord, while man 
(fibrous) astrocytes express Gfap but there is little or no Gfap 
immunoreacrivity in the grey matter. By contrast, the Fgfr3-mi\ 
mouse (B) shows extensive Gfap labelling of grey matter 
(protoplasmic) astrocytes. Scale bar: 100 urn. 



DISCUSSION 

On die basis of their spatial distribution and time of 
appearance, Peters et al. (Peters et aJ.. 1993) suggested that 
FgfrS* cells in the mouse CNS are glial cells, possibly 
astrocytes. By double labelling experiments with Fgfr3 and 
Gfap, Miyake et al. (Miyake et al., 1996) concluded that FgfrS 
was expressed in astrocytes in the adult rat brain. Our data 
support and extend these conclusions. We present evidence that 
scattered Fgfr3* cells in the embryonic and postnatal CNS are 
astrocytes and/or astrocyte progenitors, and that these 
astrocytes are derived from Fgfr3* neuroepithelial precursors 
in the VZ. 

Fgfr3 is also expressed transiently by a subpopulabon of 
motoneurones (Philippe et al., 1998) and by late 
aligodettdrocyte progenitors (late OLPs) just prior to terminal 
differentiation in vitro (Bansal et al„ 1996). We are convinced 
thai the FgfrS* eels that we delect are not OLPs, however. Fust 
and foremost, doable labelling for Fgfr3 and Pdgfra (a marker 
of early OLPs) demonstrates that these mark separate 
populations of cells. The Fgfr3* w&Pdgfm* cell populations 
appear at different times and initially their distributions are 
different. Moreover, the number and distribution of Fgfr3* 
cells was unaltered in neonatal Pdgfa-mQ spina! cords, which 
have very few Pdgfra* OLPs and oligodendrocytes (Fruttiger 
et al, 1999). This argues strongly that the large majority of 
Fgfr3*txHs revealed by our in situ hybridisation protocol are 
not OLPs. Bansal et al. (Bansal et ai., 1996) have shown that 
OLPs do express Fgfr3 mRNA in culture but only at a low level 
during the earlier stages of the lineage. Presumably this is 
below our limit of detection in situ. OLPs upregulate Fgfr3 
strongly just prior to oligodendrocyte differentiation (Bansal et 
al., 1996) but these presumably represent a small subset of 
OLPs in the embryonic spinal cord and do not feature in our 
analysis. 

F^/rJ-posrtive cells co-expressed mRNA encoding 
glutamine synthetase (Gins; EC 6.3.1.2). In the CNS. Gins is 
an accepted marker of mature astrocytes (Norenberg and 
Martinez-Hernandez, 1979; Staiumirovic et al.. 1999) but it is 
also expressed in oligodendrocytes (Domercq et al., 1999) and 
OLPS (Baas et al., 1998). Gins has not previously been 
ascribed to neuroepithelial precursors or immature astrocytes 
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Fig. It. Neutralising Shh activity in explain cultures of ventral spinal 
cord. Stage 12/13 (E2) chick neural tube was dissected into dorsal, 
intermediate and ventral thirds. The vcmraJ thirds were cultured in 
collagen gels in the presence of cither control antibody (A,Q or with 
neutralising anti-Shh antibody (BJ>). Explants were double-labelled 
with 04 monoclonal antibody (CD) and tnu'-Gfap (A3). Anb-Shh 
blocks the formation of 04-positivt OLPs but not-Gfap-po*itive 



astrocytes. Scale ban 10 urn. 



in the embryo, although Clnt transcripts have been detected in 
the rat brain by northern blot as early as E14. To our 
knowledge, Gins has not been described in neurones except in 
pathological situations such as Akheiroer't disease (Robinson, 
2000). Therefore, we are confident mat the (Fgfr3*, Gins*) 
double-positive cells described here are glial cells. Taken 
together with the evidence against them being OLPs (see 
above), it seems likely mat they correspond to immature and 
mature astrocytes. This is strongly supported by the 
observations mat Fgfr3* cells co-express Gfap protein and/or 
mRNA in (1) the formative while matter of the normal 
developing spinal cord and (2) cultures of dissociated spinal 
cord cells. 

Neuroepithelial origins of astrocytes 

Fgfr3 was expressed in two domains of the spinal cord 
neuroeprrhelium separated by an F^-f- negative region. This 
was true of both rodent and avian embryos though it was more 
obvious in the latter. The Fg/rJ- negative region corresponds 
roughly to the pMN domain of the VZ mat generates somatic 
motoneurones followed by Pdgfra* OLPs (Sun et al., 1998; 
Rowitcfa et al., 2002). Therefore, our data indicate that OLPs 
and astrocytes originate from separate precursors that reside in 
different parts of the VZ How does mis fit with other ideas 
about the origin of astrocytes? One hypothesis is that astrocytes 
arise by transdiffcrentiation of radial gfia, after the latter have 
fulfilled their role as cellular substrates for radial migration of 
neuronal progenitors (Bignami and Dabl 1974; Choi et al., 
1983; Benjelloun-Touimi et al., 1985; Vbigt, 1989; Culican et 
al.. 1990). This could be compatible with our FgfrS expression 
data, as radial glia have their cell bodies close to the ventricular 



APR 14 2005 12:05 FK ST I I CIST 



613 998 528' <> 17188899320 P, 10/1 



100 N. P. Pringle and others 

surface However, radial glia are distributed all around the 
spina) cord lumen, unlike Fgfr3. so one would have to postulate 
that only a subset of radial glia express Fgfr3. 

In double- knockout mice that lack the two basic bclix- 
loop-bclix (bHLH) transcriptions factors Oligl and 01ig2. the 
pMN domain of the VZ undergoes a homeotic transformation 
into p2, its immediate dorsal neighbour (Rowitch et al.. 
2002). As a result, pMN no longer generates motoneurone* 
followed by OLPs, but instead produces V2 intemeurooes 
followed by astrocytes (Zhou and Anderson, 2002; 
Takebayashi et al., 2002). By implication, this is the usual 
fate of p2 precursors in wild-type mice. This is consistent 
with our observation that Fgfr3* astrocytes apparently 
originate within an extended part of the ventral VZ, including 
p2 but excluding pMN. Our Fgfr3 expression data are also 
consistent with previous fate mapping experiments in chick- 
quail chimeras, which indicated that astrocytes are generated 
from dorsal as well as ventral parts of the VZ, whereas OLPs 
are generated only from ventral territory (Pringle et al., 
1998). It remains to be seen whether astrocytes that are 
generated from distinct neuroepithelial domains (p3 or p2, 
say) have identical properties or whether they are functionally 
specialised - for modulating synaptic activity or interacting 
with blood vessels, for example. 

Production of ventral cell types such as motoneurones. 
interneurones and OLPs is dependent on Shh signalling. As 
many fg/W-cxpressing astrocyte precursors appear to 
originate in p3, p2 and other ventral domains, we might expect 
that production of astrocytes might also depend on Shh 
signalling. However, we found that astrocytes developed in 
explant cultures of ventral neural tube either in the presence 
or absence of Shh activity. Our data imply that astrocytes are 
specified by different mechanisms than OLPs - at least, they 
demonstrate that astrocyte and OLP production are not 
obligatorily linked. In fact, there is evidence that more than 
one signalling pathway can lead to astrocyte development 
in vitro (Rajan and McKay, 1998). Because astrocytes can be 
formed from dorsal as well as ventral neuroepithelium, it 
remains possible that 'ventral' astrocytes might normally be 
under Shh control, but that by blocking Shh signalling we 
uncover an alternative ■dorsal* pathway for astrocyte 
development 

It has been reported dial there arc glial-restricted precursor 
cells (GRPs) in the embryonic rat spinal cord that are dedicated 
to toe production of astrocytes and oligodendrocytes (Rao and 
Mayer-ProschcJ, 1997; Herrera et al., 2001). This seems to 
conflict with current evidence that oligodendrocytes and 
astrocytes are generated from different precursors in the 
embryonic spinal cord (Lu et al., 2002; Rowitch et al., 2002; 
Zhou and Anderson, 2002) (this paper). A possible 
reconciliation might be that GRPs with the potential to 
generate both astrocytes and oligodendrocytes are formed in 
all parts of the spinal cord VZ but are constrained in vivo to 
generate only astrocytes or only oligodendrocytes, depending 
on the signals in their local environment (i.e. where they are 
located) (for a review, see Rowitch et al., 2002). 



Miller, 1992). Astrocytes in different parts of the CNS differ 
in morphology ox function in vivo too, suggesting that they 
might fulfil different, region-specific functions. In addition, 
astrocytes in white matter tracts generally have smaller cell 
bodies with more and longer processes compared to their 
counterparts in grey matter (Connor and Berkowitz. 1985). For 
this reason, white matter astrocytes are sometimes referred to 
as 'fibrous* and those in grey matter at 'protoplasmic' or 
'velous*. White matter astrocytes also express high level* of 
Gfap, whereas grey matter astrocytes contain little or no 
immunoreactive Gfap. 

Fibrous and protoplasmic astrocytes might develop from 
separate lineages (Connor and Berkowitz, 1985). However, 
our observation that Gfap is upregulated in grey matter 
astrocytes of Fg/ri-nuU mice provides strong in vivo evidence 
that extracellular signals might be required to maintain their 
normal Gfap-negaiive phenotype. This is consistent with a 
report that adding Fgf2 to cultured astrocytes downregulates 
Gfap mRNA and protein and causes their morphology to 
change (Reilly et al., 1998). Fgf2 and other known Fgfr3 
ligands such as Fgf9 are made by, and presumably released 
from, many CNS neurones (Eckenstein et al., 1991; Cotman 
and Gomez-Pinilla. 1991; Woodward et al., 1992; Gomez- 
Pinilla et al., 1994; Kuzis et al., 1995). One possible reason 
that white matter astrocytes express high levels of Gfap in 
wild-type mice might be that they are denied exposure to 
Fgfr3 ligands in axon tracts - perhaps because Fgf, like Pdgf. 
is secreted from neuronal cell bodies but not from axons' 
(Fruttiger et al., 2000). 

Upregulation of Gfap in the Fg/r5-null mouse is mindful of 
the astrocyte response to CNS injury or disease - so-called 
reactive gliosis or astrocytosis (for reviews, see Ridet et al., 
1997; Norton, 1999). It would be interesting to know whether 
interruption of signalling through Fgfr3 is somehow involved 
in the astrocyte reaction to injury. However, it is unlikely to be 
straightforward, because Gfap upregulation in the /g/rJ-null 
animals does not occur until around 2 months of age, 
suggesting that it is an indirect effect. In addition, the data from 
the Fgfr3-n\M mouse are difficult to square with the 
observation that intra-ventricular injection of Fgf2 has been 
reported to increase the number of Gfap* reactive astrocytes 
(Unsicker, 1993). J 

Most grey matter (protoplasmic) astrocytes possess many 
short sheet-like processes containing little, if any, Gfap 
(Connor and Berkowitz, 1985). It has been suggested that this 
morphology might help them to infiltrate the neuropil and 
surround axonal terminals, synapses and neuronal ceH bodies, 
consistent with one of their proposed roles in neurotransmitter 
metabolism (Martinez-Hernandez et al„ 1977; Norenberg and 
Martinez-Hernandez, 1979). It will be interesting to see if the 
reactive astrocytes in Fg/W-null mice are defective in 
neurotransmitter metabolism and whether this contributes to 
the premature death of the animals. 



Fgfr3 regulates Gfap expression in grey matter 
astrocytes 

Astrocytes with distinct, heritable morphologies have been 
described in cultures of rat spinal cord cells (Fok-Seang and 



We thank our colleagues foradvice and discussions. Marc Mercola, 
Ivor Mason, Martin Raff, Chiayeng Wang and William Cameld for 
reagents, and Damith Jayatilake, Xiang Hua and Ed Spinaio for 
technical help. Work in W. D. R.'s laboratory was supported by the 
UK Medical Research Council and the European Union (QLRT-1999- 
31556 and OLRT- 1999-3 J 224). Work in D. M. O.'t loboaawy w« 
supported by NIH gran. CA60673. We also thank Rashmi Ban4l for 
sharing unpublished data. 



Fgfr3 «fwasston 1 §1 



REFERENCES 

Airman, J. and Bayer, S. A. (1984). The development o( the rat spinal cord. 

Adv. Anal Cmbrvoi Cell Biol. 85. I-I66. 
Bus, IX, DalcDron, D, Frcssinaud, C, Vitkovic, L. and SarUevt, L. L. 

(J 998). Ohgodendrocyte-type-2 asuocyte (0-2A) progenitor cells express 

glutamine synthetase: developmental and cell type-tpecihc regulation. Uol. 

fsychialry 3. 356-3*1. 
Bansal, at, Kumar. M, Murray, K_ Morrison, R. S. a nd PfrlfTer, S- F_ 

(1996). Regulation of KJF receptors in the oligodendrocyte lineage. Uol. 

Cell Neumsci. 7. 263-275. 
lVnjcllflun-Touftnl, S., Jacque, C M., Derer, P., de Vltry, F„ Maunoury, 

R. and Dupouey, P. (1985). Evidence that mouse astrocytes may be derived 

from the radial glia. An irruriuno-bisiochemical study of the cerebellum ia 

the normal and ireler mouae. J. Neumimmunol. 9. 87-97. 
Bignami, A. and Dahl, D. (1974). Asuocyte-speciftc protein and radial |lia 

in the cerebral cortex of newborn rat. Nature 252. 35-56. 
Bottcnstein, J. E. and Sato, G. R ( I 979) Growth of a rat neuroblastoma cell 

line in serum-free supplemented medium. Pnx. Noll. Acad Sci. USA 7*, 

314517. 

Briscoe, J. and Ericson, J. ( 1 999). The specification of neuronal identity by 

graded Sonic Hedgehog signalling. Semin. Cell Dev BmL 10. 353-362. 
Briscoe, J., Fierani, A., Jessell, T. M. and Erieson, J. (2000). A 

homeodomain protein code specifies progenitor cell identity and neuronal 

fate in the ventral neural tube. Celt 1*1. 435-445. 
Choi, B. H., Kim, R. C and Lapham. L. W. (1983). Do radial glia give riae 

to both astroglial and oligodendroglial cells? Dev. «ro/ii Res. 8. 1 19-130. 
Colvln, J. S-, Boht*, B. A., Hardine, G. W.. McEwen, D. G. and OrnKz, 

D. M. (1996). Skeletal overgrowth and deaf nets in mice lacking fibroblast 

growth factor receptor 3. Nat. Genet. 12, 390-397. 
Connor, J. R. and Berkowitt, E. M. (19115). A demonstration of glial filament 

distribution in astrocytes isolated from rat cerebral cortex. Neuroscience 16, 

Cooper, M. Porter, }. A-, Young, K. E. and Beacfry, P. A. (1998). 

Teratogen-mediated inhibition of target tissue response to Shh signaling. 

Science 280. 1603-1607. 
Cotman, C. W. and Gomex-Puiilht, F. (1991) Basic fibroblast growth factor 

in the mature brain and its possible role in Alzheimer's disease. Ann. New 
York Acad. Sci. 638, 221-231. 
Cultcstn, S. M-, Baamrmd, N. L_, Yamamoto, M. and Peartman, A. L. 

(1990). Conical radial glia: identification in tissue culture and evidence for 

their transformation to astrocytes. J. Ntimati 10, 684-692. 
Demerol, M.. Sanchez-Gomez, M. V„ Area©, P. and Matute, C. (1999). 

Expression of ghitamate uansponers in rat optic nerve oligodendrocytes. 

Eur. J. Neumsci. II. 2226-2236. 
Eekenstein, F. R, Shipley, G. D. and Nlshi, R. (1991). Acidk and basic 

fibroblast growth factors in the nervous system: distribution and differential 

alteration of levels after injury of central versus peripheral nerve. J. 

Neumsci. 11,412-419. 
Erfewm, J, Morton, Kawakami, A, Roelink, H. and Jessell, T. M. 

(1996). Two critical periods of Sonic Hedgehog signaling required for the 

specification of motor neuron identity. CeU 87. 661-673. 
Ericson, J, Rashbass, P, Scbedl, A-, Brtoner-Morton, S„ Kawakami, A„ 

van Heyningen, V, Jessell, T. M. and Briscoe, J. (1997). Pax6 controls 

progenitor cell identity and neuronal fate in response to graded Shh 

tigniilrag. Cetf 9t, 169-180. 
Fok-Seang. J. and Miller, R- H. (1992). Astrocyte precursors in neonatal rat 

spinal cord cultures. J. Neumsci. 17, 2751-2764. 
Fruttiger, M-, Karlsson, L, Hall, A- C, Abrariuwm, A., Cah-er. A. at, 

Bostrwn, H„ WilJetts, K_ Bet-told, C-rL, Heath, J. K., BetshoHz, C aad 

Richardson, W. D. (J 999). Defective oligodendrocyte development and 

severe hypomyelinarion in PDGF-A knockout mice. Development 126,457- 

467. 

Fruttiger, ML, Calves, A. R. and Richardson, W. D. (2000). PDGF-AA is 

conjtiturively secreted from neuronal cell bodies but not from axons. Curr. 

Rial It. 1283-1286. 
Gomez- Pini'lla, F., htt, J. VV. and Cotman, C W. (1994). Distribuikm of 

bask fibroblast growth factor in the developing rat brain. Neumcienct 61, 

911-923. 

Guthrie, 5. mad Lumsden, A. (1944). Collagen gel coculture of neural tissue. 

Hamburger, V. and Hamilton, H. L, (1951). A series of normal changes in 
the development of the chicle embryo. / Morphel. 88. 49-92, 



Harlow, E. and Lane, D. (1988). Antibodies. A Laboratory Manual. Cold 

Spring Harbor, NY: Cold Spring Harbor Laboratory Press. 
Hrrrrra, Yang, H.. Zhang, S. C, Proschel, C. Tresco, R, Duncan, 1. 0, 

LuskJa, M. and Majer-ftrraschel, ML. (2001). Embryonic-derived glial- 

festricted precursor cells (GRP cells) can differentiate into astrocytes and 

oligodendrocytes in vivo. Exp Neurol. 171, 1 1-21. 
Incardona, J. P, Gafflcld, W, Kapnr, R. P. and Roelink. H. (1998). The 

teratogenic \feratrum alkaloid cycloparnine inhibiu sonic hedgehog signal 

transduction. Development I2S, 3553-3562. 
Jessell, T. M- (2001). Neuronal specification in the spinal cord; inductive 

signals and transcriptional codes. Nat. Rev. Genet. 1. 20-29, 
Kirris, K-, Reed, S, Cherry, N. J., Woodward, W. R. and Edcenstein, F. R 

(1995). Developmental time course of acidic and bask fibroblast growth 

factors' expression in distinct cellular populations of the rat central nervous 

system. J. Camp. Neurol. 358. 142 )53. 
1-ong, J. A. and Buriingame, P. U (1938). The development of the external 

form of the n* with observations on the origin of the extraembryonic coelom 

and foetal membranes. University of California Publications in Zoology 43, 

143-114. 

Lb. Q. R, Yuk, D„ Alberta, J. A, Zhu, TL, PawlioJry, L, Chan, J, 
McMahon, A, Stfles, C. D. and Ro witch, D. H. (2000). Sonic hedgehog- 
regulated oligodendrocyte uncage genes encoding bMLH proteins in the 
mammalian central nervous system. Neuron 25, 317-329. 

Lu, Q. R-, Sun, T., Zhu, Z., Ma, Garcia, Stiles, C. D. and Rowttch, 
D. H. (2002). Common developmental requirement for oligodendrocyte 



-brotTBdeoxyurtdine. / Hlstochrm. 
Cyiochem.'yi. 1517-1527. 
Martiriez-HerrMiMfex, A^ Bell, K. P. and Norcnberg, M. D. (1977). 

Glutamine synthetase: glial localization in brain. Science 195, 1356-1358. 
Miller, R. a (1996). Oligodendrocyie origins. 7>«a!i Vej-nwci. », 92-96. 
Miyakt, A^ Hattort Y., Ohta, M. and Hot, N. (1 996). Rat ol.godendrocyles 
and astFocytes preferentially express fibroblast growth factor irceptor-2 and 
-3 mRNAs. J. Neurvxi. Res. 45, 534-541. 
Norenberg, M. D. and Martinez- Hernandez, A. (1979). Fine structural 
localization of glutamine synthetase in astrocytes of rat brain. Brain Res 
161, 303-310. 

Norton, W. T. (1999). Cell reactions following acute brain injury: a review. 

Neunxkem. Res. 24, 213-218. 
Oreotaa, IX Hayes, J. Dyer, K. L. and M tiler, R. H- (1999). Sonic 

hedgehog signaling is required during the appearance of spinal card 

oligcAnckocyle precursors Development 126, 24] 9-2429. 
Peters, IC, OrnMz, TL, Werner, S. and WiUiams, L. (1993). Unique 

expression pattern of the FGF receptor 3 gene during mouae organogenesis. 

Dev. Biol. 155, 423-430. 
Philippe, J. M., Garccs, A. and deLapeylere, O. (1998). Fgf-R3 is expressed 

in a subset of chicken spinal motoneurons. Meek Dev. 7*. 1 19-123. 
Pringlt, N. P, Yn, W^-R, Guthrie, S, Roelink, Lumsden, A, Peterson, 

A. C. and Richardson, W. D. (1996). Determination of neuroepithelial cell 

fate: induction of the oligodendrocyte lineage by ventral midline cells and 

Sonic hedgehog. Dev. BioL 177, 30-42. 
Pringle, N. p, Guthrie, S., Lumsden, A. and Richardson, W. D. (1998). 

Dorsal spinal cord ncuroepithelium generates astrocytes but not 

oligodendrocytes. Neuron 20. 883-893. 
Rajan, P. and McKay, R. D. (1998). Multiple routes to astrocytic 

differentiation in the CNS. / Neumsci. 18. 3620-3629. 
Rao, M. S. and Mayer-Pnwchel, M. (1997). Clial-restrkted precursors are 

derived from multjpotent Deuroepithetial stem cells. Dev. BioL 188, 48- 

63. 

Reltly, J. F., Maher, P. A. and Kumari, V. G. (1998). Regulation of astrocyte 

GFAP expression by TGF-betal and PGF-2. Gfio 22. 202-210. 
Richardson, W. Pringle, N. R, Yu, W.-P. and Hall, A. C. (1997). Origins 

of spinal cord oligodendrocytes: possible developmental and evolutionary 

relationships with motor neurons. Dev. Neumsci. 19. 54-64. 
Richardson, W. LX, Smith, EL IC, Son, T, Pringle, N. R, Hall A. and 

WoodrufT, R. (2000). Oligodendrocyte lineage and die motor neuron 

crjonaction. Clie 12, 136-142. 
Ridet, J. U, Malbocra. S. K-, Privat. A. and Gage, F, H. (1997). Reactive 

astrocytes: cellular and molecular cues n biological function Trends 

Neumsci, 20, 570-577. 
Robinson, S. R. (2000). Neuronal expression of glutamine synthetase in 



APR 14 2005 12:06 FR C?T1 KM ST 



613 yya ^ita 



102 N. P. Pringle and others 



,.,.„ .« with astrocyte*, i 

Roster, B, Ben Hot; T. and DubukvDalcq, M. (1999). From near«l«em 

cells to myelinating oligodendrocytes. Mot. Cell Nntma. 14, 211-300. 
Rowitch, D.H„Lu,R.Q- K«»rta. N. and RfcWd**, W. t>. (2002). An 

•oligarchy' rotes neural development. Trends Nturasct. 25, 417-422. 
Somnwr, L *nd Schacbner, M. (1981). Monoclonal antibodies (01 to 04) to 
oligodendrocyte cell surfaces: an irrraunocytoiogical study in the central 
nervous ryuem. be* BM 83, 31 1-327. 
Spanky, N„ Olivier, C, Purei-VHkgaa, Goujet-ZaJc, C, Martinet, S, 
Thomas, J.-U and Zilc B. (2()00) Single or multiple olijodendrajlbi 
lineages: a controversy. Glia 29. 143-148. 
Stallcup, W. B. and Beasley. L. (1987). Bipotential glial progenitor cell* of 

the optic oerve express the NC2 proteoglycan, J. Neurosci. 7, 2737-2744. 
Stanitntrovk, D. B, Ball, It, SmaU, D. L. ami Muruganandsun, A. (1999). 
Developmoiia) regulation of gluumaie iransporters and gluiamine 
syntheuae activity in astrocyte cultures differentiated in vitro, fat J. Dev. 
Neuroict 17.173-184. 
Sun, T., Pringle, N. P., Hardy, A. P, Richardson, W. D. and Smith, H. K. 
(1998). Pax6 inluencei the time and site of origin of glial precursors in die 
ventral neural rube. Mat Cell. Neunaci 12. 228-239. 
Takebayasht, H, Nabeshima, Y„ Yoshloa, S-, Chisaka, O, Ikenaka, tL and 



Narrahima, Y. (2002). The basic helix-loop he Hi factor olig2 if essentia) 
for the development of motoneuron and otigorfendrocy* lineages. Our. 
BM. 12, 1157-1163. 
Theiler, K. (1972). TSe Houit Mom*. Development and Normal Stages from 
Femlluuum >o 4 Weeki of Age. Berlin. Heidelberg, New York: Springat- 
Vertag. 

Uojsicker, K., Grothe, G„ Ludecke, C Otto, 0. and Westermana, R. 

(1993). Fibroblast growth factors: their tote* in the central and peripheral 

nervous system. In: Neurotrophic Foam (ed- S. E. Looghlin and J. H. 

Fallon), pp. 313-338. San Diego, CA: Academic Pre**. 
Voift, T. (1989). Development of {bat ctlh in the cerebral wall of fenett: 

direct tracing of tbetr transformation from radial glia into asinxyte*. J. 

Camp. Neurol 289. 74-88. 
Woodward, W. R., Nbbi, It, Mestmt, C K, WlBUsna, T. E, Coulomb*, 

M. and Eckenstetn, F. P. (1992). Nuclear and cytoplasmic localization of 

basic fibroblast growth factor in astrocytes and CA2 hippocarnptl neurons. 

/ Neunuci. 12, 142-132. 
Zhoe, Q, Wang. S. and Anderson, D. J. (2000). Identification of a novel 

family of oligodendrocyte lineage-ipecifk basic helix-loop-helix 

transcription factors. Neuron IS. 331-343. 
Zhou, Q. and Anderson, 0. J. (2002). The bHLH transcription factor* OUg2 

and OUgl couple neuronal and glial subtype specification. Cell !•». 61-73. 



** TOTAL PAGE. 12 *. 



Docket No.: 29556.0001 (SU-1976) 

U.S. Patent Application Serial No. 09/282,239 
Appeal Brief filed January 24, 201 1 



EVIDENCE APPENDIX 
EXHIBIT 13 



Yakovlev et al,, "A Stochastic Model of Brain Cell Differentiation In Tissue Culture," J. Math. 
Biol. 37(l):49-60 (1998) 



A stochastic model of brain cell differentiation 
in tissue culture 
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When stimulated by platelet-derived growth factor 
(PDGr ).oli*odendr ocyte-type 2 astrocyte (0-2A) progeni- 
tors derived from poriostal rat optic nerve* undergo a lim- 
ited numbar of cell divisions before rlnnaUy related c*U« 
synchronously »od symmetrically differentiate into nondl- 
viding oligodendrocyte*. The duration of this mitotic period 
is thought to be controlled by a cell-intrinsic biological 
chick. Thu», iP the presence of PDGF, th* measurement of 
time by the biological clock i* intimately coupled 1a lha con- 
trol of division and differentiation. la contrast, 0-2A pro- 
genitor* grown in the presence of FDGF plus basic fibro- 
blast growth factor (bFGF) divide indefinitely in the ab- 
sence of differentiation and so do not exhibit a limited 
period of division. We have tested whether growth in PDGF 
plus bFGF alters the duration of the limited period of divi- 
hion 0-2A progenitors exhibit in response to PDGF alone. 
Accordingly, 0-2A progenitors wer* grown in the presence 
of PDCF plus bFCF for varying lengths or time, before be- 
ing switched to conditions that promote timed differentia- 
tion (PDGF but not bFGF). Increasing duration of culture 
in PDGF plus bFGF led to a gradual shortening of the pe- 
riod for which 0-2A progenitor* wer» subsequently respoo- 
si ve to PDGF alone, until eventually all cells differentiated 
without dividing after twitching. In contrast, a short expo- 
sure to bFGF was not sufficient to cause a similar alteration 
in the pattern of differentiation. These results indicate that 
0-2A progenitors prevented from undergoing lined differ- 
entiation nevertheless retain the ability to measure elapsed 
time, implying that the biological f lock in this eel) type can 
be uncoupled from differentiation. Furthermore, they dem- 
onstrate that the biological clock does not impose an abso- 
lute limit on (he number of divisions that an 0-2A progeni- 
tor can undergo. In contrast with existing hypotheses, our 
observation* suggest that th« molecular mechanism that 
controls timed differentiation must consist of at least two 
components, with the clock itself being in some manner dis- 
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tinct from mechanisms that limit ceil division and/or di- 
rectly regulate differentiation. eimw*«kfn»l 1 t 



INTRODUCTION 

Several observations in a variety of cell types 9uggest 
that measurement of ulapsed time by cells is closely 
linked to the initiation of terminal differentiation. For 
example, hematopoietic stem cells generate erythroid 
cells which switch from production of fetal hemoglobin 
to arlult hemoglobin after the passage of a seemingly 
preprogrammed length of time (Zanjani ef aL, 1979; 
Wood el oi. 1585). Similarly, the number of divisions a 
fibroblast can undergo before terminally differentiat- 
ing into a senescent cell appears to be preprogrammed 
or limited (reviewed in Goldstein. 1990). The measure- 
ment of elapsed time also seema to play a major control- 
ling role in the timing of differentiation of glial precur- 
sor cells of the central nervous system (CNS) 1 into oligo- 
dendrocytes (Abney et aL, 1981; Temple and Raff, 19S6; 
Noble et aL. 1388; Raff et aL, 1988; reviewed in Groves et 
aL, 1991, and Noble, 1991). The apparent coupling of the 
measurement of elapsed time to differentiation in these 
systems raises the question of whether these two pro- 
cesses are mechanistically distinct. 

Understanding the regulatory mechanisms that make 
it possible for cells to differentiate according to an in- 
trinsic schedule has been a subject of considerable inter- 



* Abbreviation* uved: Asl, astrocyte cuculturs; Asl/P, astrocyte co- 
cultur* with sddltional exogenous PDCF; Ast/PK, astrocyte cocolture 
with oogenous PDGF plu« bFGF; bFGF, basic fibroblast growth fac- 
tor, CNS, ctnlrul nervous system; DMEM-BS, Dulbccco's Modified 
Eagle's Medium modified according to Bottmsuin and Ssto, 1879: 
DMEM-FCS, DMEM containing fetal c«l/» t rum:Elfl, Embryonic Day 
19; ECM. eJtracellulsr matrix: 0-2A. oli|od«ndrocyt«-typc-2 astro- 
cyte; P7, Postnatal Day 7, PDGF. platelet-derived growth factor. SV40 
T, simian virus AO Isrgi tumor antigen. 
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est. Hypotheses nbout the nature of cellular timing 
mechanisms are as varied as the terms u:>ed to describe 
th« phenomenon itself. Thus the term* "biological 
clock," "developmental clock," "time measuring ability 
of cells," "finite mitotic life span," and other similar 
phrases have heen used to describe phenomena in which 
a cell-intrinsic timing or measuring system appears to 
control the timing of differentiation. Due to the lack of 
knowledge about what is being measured by biological 
clocks, we describe this phenomenon a* the measure- 
ment of elapsed time (see for example Orgel, 1973). This 
should be taken only as indicating that the passage of 
time is associated with the changes in the behavior of 
cells and is not meant to suggest that cells measure lime 
in the same way that mechanical clocks do. It has been 
suggested, for nxample, that "biological time [is] equiva- 
lent to trains of specific physical or chemical events, 
which is a very different concept than that of an intrin 
sic clock based on sidereal or calendar time" (Finch, 
1990). In the instances of particular interest here, it is 
clear that the duration of the period to be measured is 
determined at least several (and sometimes many) cell 
division* before the differentiation event is itself observ- 
able. Most investigations of this phenomenon have been 
carried out on fibroblasts (which enter a nondividing 
senescent state, after a limited number of cell divisions) 
and the rang* of hypotheses advanced to explain the 
limited mitotic life span of these cells includes random 
accumulation of cellular damage (Szilard, 3959; Orgel, 
1973; Goldstein, 1990), telomere shortening {Harley et 
at. 1990), changes in negative-growth regulatory genes 
(Weinberg, 1993), and progression through a genetic pro- 
gram (Orgel, 1973; Bayreuther et aL, 1988a,b; Goldstein, 
1990). One could equally imagine that timed differentia- 
tion is caused by a steady increare, over a number of cell 
divisions, in the amount of a cifferr-ntiation-inHucing 
activity which determines cellular phenotype only after 
passing a threshold. Alternately, the steady decrease in 
the amount of some activity absolutely required for cell 
division could trigger the timed cessation of division. 

All of the hypothetical mechanisms proposed to ex- 
plain the workings of biological clocks appear to share 
the common feature of predicting that when the mea- 
suring process has been completed, differentiation (and, 
in at least some instances, cessation of division) follows 
necessarily. For example, if the period of division were 
limited by the accumulation of cellular damage or telo- 
mere shortening, then these events could not occur in 
cells stimulated to divide beyond their "normal" limit, 
for these events should by themselves be sufficient to 
limit cell division. Similarly, if the functioning of the 
biological clock relied simply on the buildup of a tran- 
scription factor to a level required to induce differentia- 



tion, then accumulation of such a factor should not occur 
in cells prevented from differentiating. 

One experimental system that can be used to analyze 
the relationship among the measurement of elapsed 
rime, the cessation of cell division, and the onset of dif- 
ferentiation is the timed differentiation of oligodcndro- 
cyte-type-2 astrocyte (0-2A) progenitor cells into oligo- 
dendrocytes. 0-2A progenitors from embryonic rat CNS 
can be cultured in such a manner as to generate the first 
oligodendrocyte* at a time equivalent to the day of 
birth, when the first oligodendrocyte* appear in vivo 
(Abney etal, 1981; Raffe* aL, 1986. 1988). This appropri- 
ately scheduled differentiation in culture requires the 
presence of cortical astrocytes (Ran* el aL, 1985) or puri- 
fied platelet-derived growth factor (PDGF) (Raff el aL, 
1988). an 0-2A progenitor mitogen secreted by cortical 
astrocytes (Noble and Murray, 1984; Noble el aL, 1988; 
Richardson et aL, 1988). For example, in the presence of 
PDGF. optic nerve cultures from Embryonic Day 18 
(E18) rats would generate the first oligodendrocytes 
after 3 days iti vitro, while cultures from E19 rats would 
do so after 2 days (RafT et aL. 1988). That the scheduled 
differentiation of oligodendrocytes relied on the ability 
of O 2A progenitors to measure elapsed time was im- 
plied by the observation that clonally related 0-2A pro- 
genitor* generally ceased proliferating and differen- 
tiated within one division of each other, even if grown in 
separate tissue culture dishes after their first division 
(Temple and Raff, 1986). Synchronous differentiation of 
clonally related 0-2A progenitors is also observed if 
cells are grown in chemically defined medium contain- 
ing PDGF (Noble et aL, 1988; Raff el al, 1988). Thus, 
existing observations suggest that the appropriately 
timed generation of oligodendrocytes relies on a cell-in- 
trinsic clock that resides within the 0-2A progenitor 
and measures cell divisions or some other parameter 
(Temple and Raff, 1986). 

In contrast to the behavior of 0-2A progenitors stimu- 
lated to divide with PDGF, the appropriately timed gen- 
eration of oligodendrocytes does not occur if cultures of 
optic nerve cells are grown in the absence of mitogen or 
are treated simultaneously with PDGF and basic fibro- 
blast growth factor (bFGF). In the absence of mitogen, 
0-2A progenitors differentiate rapidly and prematurely 
into oligodendrocytes without dividing (Raff elal, 1983; 
Noble and Murray, 1984; Temple and Raff, 1985). The 
diametrically opposite result is obtained if 0-2A pro- 
genitors are grown in the presence of PDGF plus bFGF, 
a condition in which continuous division of 0-2A pro- 
genitors is maintained in the absence of differentiation 
(Bogler et aL. 1990; Groves et aL, 1993). These latter re- 
sults indicate that 0-2A progenitors are not intrinsi- 
cally limited to a relatively small number of divisions 
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before differentiating. Rather, . ut h a limit represents a 
pattern of division and differentiation observed only 
when tells are grown specifically in the presence of 
FOG P. 

The ability to promote continuous division of 0-2A 
progenitors in the absence of differentiation by treat, 
ment with PDGF plus bFGF has offered us The opportu- 
nity to study in more detail the relationship between the 
measurement. of time by a biological clock and the onset 
of differentiation and cessation of division. Our data 
<ihow that prolonged exposure to PDGF plus bFGF 
alters the behavior 0-2A progenitors subsequently ex- 
hibit in rc«p<jnse to I'DGP alone It is also shown that a 
brief exposure to bFGF, in the continued presence of 
PDGF. did not alter the timing of differentiation of 
0-2A progenitors into oligodendrocytes. These results 
suggest that the measurement of time still occurs under 
conditions in which division continues indefinitely in 
the absence of differentiation. This implies that the 
measurement of elapsed time can be separated mechan- 
istically from the mechanisms that control the onset of 
differentiation or the cessation of eel! division. 

MATERIALS AND METHODS 
Avalyvi* of Small Populations and Clones of Optic Nerve 
Ctdl» 

Primary optic nerve cultures and purified cortical as- 
trocytes were established as described previously 
(McCarthy and De VelJis, 1980; Raff el ol, 1983; Noble 
and Murray, 1984, Raff et ol, 1S8S). For the period of 
culture in the presence of PDGF plus bFGF optic nerve 
cells were seeded in poly-L-lysine-coated 25-cm ! flasks 
at 200,000 to 300,000 cells per flask in DMEM-BS, a 
chemically defined medium (a modification of the me- 
dium described by Bottenelein and Sato, 3979; Bogler et 
al, 1990). Bulk optic-nerve cell culrurcs were given 10 
ng/ml of recombinant human PDGF A-chain homo- 
dimerlChirnn Corporation (a Vir.d gif t of Dr. C. George- 
Nascimento) or Promega] and recombinant human 
bFGF (Boehringer-Mannheim or Promega) each day 
and half the medium was changed every other day. Once 
a we*k the cells were passaged by trypsinization in cal- 
cium- and magnesium-free DMEM containing 200 ng/ 
ml EDTA and K000 U/ml trypsin, followed by trypsin 
inhibitor (added 1 part ir, 3.5; 0.52 rr.g/mi soybean tryp- 
sin inhibitor, 0.04 mg/ml bovine pancreas DNase, and 8 
mg/ml BSA fraction V in DMEM; Sigma). An aliquot of 
cells was removed for analysis at the times indicated 
under the Results section. The remainder of the cells 
were returned to bulk culture as above. 

For analysis of small populations of optic nerve cells 
(Fig. 1), coculturca were established with cortical astro- 
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cytea, which produce PDGF (Noble et aL, 1988) and max- 
imize optic nerve cell viability (Temple and Raff, 1986; 
Raff et al, 1388; Bee also Barres et at, 1392). As the age of 
the cortical astrocyte culture* could conceivably affect 
the behavior of O-ZA progenitors (see Lillien and Raff, 
1990. for one such phenomenon), fresh cultures of astro- 
cytes were prepared according to identical schedules for 
each analysis. Astrocyte cultures were equivalent to P21 
at the time that optic nerve cells were plated on them, an 
age when 0-2A progenitor division and differentiation 
are still occurring in vivo (Miller et ol, 1985). Further- 
more, these astrocyte cultures were made in the same 
way as those used previously to establish that astro- 
cytes make PDGF (Noble et ol, 1988; Raff et ol, 1988). 
Monolayers of 20,000 cortical astrocytes per poly-L-ly- 
sine-coated coversllp (Chance Propper No. 1, 13 mm) 
were cultured in 0.5 ml of DMEM containing 10% fetal 
calf serum (DMEM-FCS: Gibco BRL), which was 
changed 2 days later. After 3 days the cultures were 
irradiated with 2000 rads of X rays, washed once, and 
then fed with O.S ml DMEM-BS. One day later 100 nl of 
filter-sterilized DMEM-BS conditioned for 48 hr by cor- 
tical astrocytes (from a flask of the same cortex prepara- 
tion that had not been passaged) was added to each well 
shortly before the optic nerve cells. Five hundred optic 
nerve-derived cells were delivered to the supernatant of 
these cultures in 10 p\. Approximately 50 to 100 cells 
were observed after 1 day on the coverslips covering 
part of the bottom of the well (Fig. 1). Half of the me- 
dium was replaced every other day, and growth factors 
were added daily. 

For analysis of 0-2A progenitor clones (Fig. 2) 1000 
cortical astrocytes were plated in 10 til of DMEM-FCS 
per Terasaki rnicrowell and the plates incubated upside 
down for the first 48 hr, so that the astrocytes attached 
predominantly to the sides of the. wells. This facilitated 
observation of the optic nerve cells subsequently plated 
into the microwelle. These cultures were treated identi- 
cally to those on coverslips described above, except: (a) 
instead of changing the medium after 2 days, 10 >il of 
DMEM-FCS was added; (b) they were not washed after 
irradiation before the medium was replaced with 10 ^1 
of DMEM-BS; and (c) no conditioned medium was added 
separately, but the final dilutions of optic nerve cells 
were made in astrocyte -conditioned medium. A variety 
of dilutions of optic nerve-derived cells, designed to de- 
liver between I and 10 cells per 10 *\ per well, were 
plated into the Terasaki wells. The next day, and every 2 
day* after that, 10 fit of the medium was removed and 
the cultures were observed, and 10 *il DMEM-BS con- 
taining 10 Mg/ml PDGP was replaced. After oligoden- 
drocyte differentiation was judged to be complete on 
the basis of the morphology of visible cells, the cells 
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were prepared for immunocytochtmistry. The time re- 
quired for oligodendrocyte differentiation to appear 
fomplii* varied from culture to culture and depended on 
the size of the clones. The smallest clones (Fig. 2C) ap- 
peared to have differentiated after 3 days or less and 
were prepared for immunocylochcmi?t.ry at that time 
The largest clones were prepared for irnmunocytochem- 
istry 20 days after optic nerve cells were plated into the 
microwclls. Observations made licfore and after irnmu- 
nocytochemistry were compared, and only if they were 
sufficiently similar so that it appeared beyond reason- 
able doubt that a group of cells was derived from the 
single 0-2A progenitor observed on D*y 1 was the clone 
allowed into the data set shown in Fig. 2. 

Analysis of Embryonic Optic Serve Culhites 

Initial experiments showed that E19 cultures that 
were given bFGF only on Day 1 bthaved identically to 
those that received bFGF every day over a 10-day pe- 
riod: no oligodendrocytes appeared (data not shown: all 
cultures received PDGF every day). One possibility was 
that bFGF was persisting in these cultures due to inter- 
actions with the extracellular matrix (ECM; for review 
sec Gotpudarowicm et ai, 1987; see also Lillien and Raff, 
]990). To investigate this directly, the interaction of 
bFGF with the ECM of E19 optic nerve cultures w as 



studied. E19 optic nerve cells were plated on coverslipt 
and cultured in the absence of factors or in the presence 
of either PDGF or bFGF (10 ng/ml each) for 24 hr. 
These cultures were then subjected to hyposmotic lysis 
after 24 hr to generate an adherent cell lysate which 
consists predominantly of ECM (as in Lillien and Raff, 
1590) Cover»lip» were then washed one* with PBS mi 
twice with DMEM-BS, incubated for 24 hr in DMEM- 
BS, or in DMEM-BS containing either PDGF or bFGF 
(20 mr/ml), and washed twic« in DMEM BS. Indicator 
cells from P7 optic nervg cultures maintained in PDGF 
plus bFGF for 2 days were then plaud onto the ECM 
and grown for a further 4 days in the presence of PDGF 
or PDGF plus bFGF (10 ng/m] each) before they were 
prepared for immunocytochernietry. If bFGF was pres- 
ent either before lysis, or after lysis but before the indi- 
cator cells were added, differentiation was inhibited aa 
much as if bFGF was present after the indicator cells 
were added (Table 1, all indicator cell culture* received 
PDGF ). In contrast, if the cultures saw either no growth 
factors before the indicator cells were plated, and then 
only PDGF, or if they saw only PDGF throughout, con- 
siderable differentiation occurred (Table 1). Therefore, 
it appears that bFGF became strongly attached to the 
ECM of these cultures and was able to affect the differ- 
entiation of 0-2A progenitors in that attached form. In 
order to be sure to eliminate any bFGF attached to the 
ECM after the first 24 hr of culture, E19 optic nerve 
cultures were established in bulk (as above) and pas- 
saged by trypsinwation after 24 hr. Cells were then 
plated on poly-t lysine-ccated coverslips at a density of 
10,000 cells/coverslip in DMEM-BS, Cultures received 
either PDGF or PDGF plus bFGF throughout, or PDGF 
plus bFGF for the first 24 hr and then PDGF on a daily 
basis, at 10 ng/m] each. Approximately half the DMEM- 
BS was changed every 2 days, and cells were prepared 
for immunocytoehemistry at the times indicated. 

PDGF Receptor Analynig 

For the TDGF receptor analysis shown in Figs. 4 and 
5, optic nerve cultures were established in bulk and 
treated as described earlier. Aliquots of cells removed 
for analysis were plated directly onto poly-L-lysine- 
coated coverilif* at a density of 3000 cells per coverslip. 
They were cultured for 48 hr in the presence of PDGF or 
PDGF plus bFGF (10 n e /m| each) and prepared for im- 
munocytoehemistry. 

J-mmu nacytochtrm istry 

The antibodies used were monoclonal anti-galacto- 
cerebrosidc (anti-GaiC) antibody fRanscht et al, 1982) 
and monoclonal antibody A2E5 (Eisenbarth at ai, 1979). 
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PlC. t Culture in PDGF plus bPCP lead* to a gradual increase in the proportion of 0-2* progenitors that no lengvr dWido in response to 
Ast/F. (A) A Khan 1.1k representation of the experimental design- Optk nerve culture* from Idsy-old rata were established In bulk lot the 
period of culture hi PDGF plus bFCF. Cell* were psiMged weekly, to aliquot «*« removed for analysis after 1, X 4. and « weeki, and the 
remaining cells were returned to bulk culture. Antlyiii »n performed in coeulture with eortieal astrocyte* tad exogenous PDGF (Aet/P). (B) 
The percentage of 0-2A lineage cells that were OalC* oligodendrocyte! in optk nerve eell/asiroeyte eoculturea ii shown graphed agsinst time in 
coeulture. Coeultures reeefved ettlier PDGF (Ast/P) or PDGF plus bFCF (Ast/PP). Celh were either derived from POOF plus bFGF-treeted 
bulk eulturee (solid >ln«; mean a SD of three or four coversllps per peint) or were freshly isolated from optk nerve (dished linen control celli 
wm analysed in parallel with each experimental cum and the daU pooled: men i SEMJ. Foe control cilia only, the number of oligodendro- 
cytes found in A»t/PF culture* on Day I was subtracted from all the control-cell data to allow a direct comparison with experimental cultures 
which contained almost no oligodendrocytes at the time of plating. As no new oligodendrocytes art generated In Ast/PF Ibis number most 
closely resemble* the number of oligodendrocytes initially ptsted. Only half of the error bars are shown for clarity, and if no error bars are 
shown then the SO or SOI was smaller than the radios of the plot symbol. Data ij from one representative experimental series of three. (C) The 
number* of A2B6~GalC~ O-ZA progenitors (black bars). A2B5"G»IC immature oligodendrocytes (stippled bare), or A2BS*CalC* oligodendro- 
cytes (white bars) In optic nerve cell/aslrocyte eocultures are shown, graphed against time in coeulture. Optic nerve nils were freshly isolated 
(top panels) or had been cultured in PDGF plus bFCF for 1 week (middle panels) or for 6 weeks (bottom panels). During the time shown parallel 
cultures received either PDGF only (Ast/P) or PDCF plus bFGF (Ast/PF). None of the cultures showed significant oligodendrocyte differen- 
tiation if cultured in PDGF plus bFGF: the number of oligodendrocytes shown in the right panels is similar to the numbers seen in astrocyte 
cultures to which no optic nerve cells were added. Data are means ± 8D of three or four covcrslipe and art part of one representative 
experimental series of three. 



The A2B5 monoclonal antibody specifically labels O-ZA 
lineage cell* in these cultures and is an IeM (Raff et aL, 
1983), while anti-GalC, an IgG3, specifically labels oli- 
godendrocytes (Raff et aL, 1978). Fluorescein- and rho- 
damine-conjugated second-layer antibodies against 
monoclonal antibodies were from Southern Biotechnol- 
ogy and were used at a dilution of 1:100. Fluorescein- 



conjugated anti-rabbit antibodies were from Tioga 
(USA) and were used at 1:200. Standard immunofluores- 
cence to identify cells of tha 0-2A lineage was per- 
formed as described (Raff et aL, 1988; Noble and Murray, 
1984; Bdgler et aL, 1990). Anti-PDGF receptor immuno- 
fluorescence was done as follows. Cultures were rinsed 
in phosphate-buffered saline, fixed for 10 min in 4% 
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FIG. 1 Prolong*! culture In PDGF plus bPGT lead) to s reduction la 
the liu of etotM derived Irani Individs*! 0-2A progenitor*. A iUb 
and leaf plot (ae in Temple and Raff, 188$) showing the reduction in 
clone »iM in the presents of «»trocyUt end PDG?, after twitesinc 
from culture in PDG" ply* oFGr". Each V or number represents one 
clone. To obtain the number of caltt in 1 given clone either reed the 
number below the column in which the is or add the number in the 
graph (unite) to the number under the column (MM). For example la 
the upper panel then are three donee of five telle and Ave clone* that 
are between 10 and 20 colls consisting of 12,12, 13. 17, and 18 cell*. The 
total number of dona* anaiyied under each condition if indicated. The 
experimental reautta are from two eeparate bulk culture* that were 
analyzed after I and 4 weeks of culture in PDGF plus bfCF; data from 
fnathly {totaled FT rat optic nerve culture* analyzed in parallel with 
each experiment were pooled. Clones ahown in black writing on white 
ground com ii ted entirely of GalC* oligodendrocytes; clones shows u 
whit* writing on black ground contained tome A2B6* GaK!~ 0-2A 
progenitor*, and these cells always comprised leas than a third of the 
total cells, end typically about 10%. 

paraformaldehyde, and then e*posed sequentially to the 
following; in Hepes-bufTered Hanks' balanced salt solu- 
tion (Imperial Laboratories) containing 5% newborn 
calf serum and 5% goat serum (both from GibcoBRL): 
25 milt AZBS and antl-GelC, 26 min snci-IgG-biotfn, 25 
min streptavidin-coumsrin (Molecular Probes, Oregon) 
and aiiti-IgM-fiuorescein, 10 min 0.1% v/v Triton X-100, 
45 min anti-PDGF receptor antibody (1:500; UBI), two 
5-min washes, 30 mm anti-rabbit fluorescein, two S-min 
washes. Cultures were viewed on a Zeiss Axiphot micro- 
scope equipped with phase contrast and epi-uv illumina- 
tion and selective filters for fluorescein, rhodamine, and 
coumarin. 

Immviuyprecipitaiion and Western Blot Anulyiis 

Cultures of NIH 3T3 mouse fibroblasts, Rat-2 fibro- 
blasts, and 0-2A progenitors were harvested before be- 



coming confluent by rinsing in PBS and scraping in 600 
„l Ripa buffer (150 mM NaCl, 1% NP-40, 0.5% DOC, 
0.1% SDS, SO mAf Tris, pH 8.0) containing 0.5 mM 
PMSP, 0.5 pg/ml leupeptin. 0.7 ag/ml pep*tati», 40 ?§/ 
ml beatatirt, and 1 Mg/ml aprotlnin. Insoluble material 
was removed by eentrlfugatlon, and the supernatant 
was iramunoprecipitaUd by the addition of 20 n\ of JW 
anti-PDGF receptor antiserum (Eriksson a* aL, 1992.) 
and 60 jtl of protein A-Scpharose CL4B (Pharmacia) 
and incubating on lee for 60 min. The Immunoprecipi- 
tate was washed three times in 500 nl of Bipa buffer, and 
an equal volume of 2X sample buffer wax added. The 
precipitates were boiled, separated on an acrylamide 
gel, and blotted to Immobilon P membrane (method de- 
scribed in Harlowe and Lane, 1988). The immunoblot 
was preblockcd for 4 hr in blotto (5% nonfat dry milk in 
phosphate-buffered saline, 0.02% aside), exposed over- 
night to R? antibody (1:400), washed extensively and 
exposed to -donkey anti-rabbit antibodies for 1 hr, 
followed by several washes, and exposed to X ray film. 

RESULTS 

0-2A progenitors dividing and differentiating in the 
presence of cortical astrocytes or PDGF exhibit three 
observable behaviors from which the functioning of 
their cell-intrinsic clock can be inferred. The first behav- 
ior is the ability of populations of 0-2A progenitors to 
continue to generate new oligodendrocytes for a pro- 
longed period of time, a process that is dependent upon 
ongoing 0-2A progenitor division and differentiation 
(Noble and Murray, 1984; Temple and Raff, 1986; Noble 
et aL, 1988; Raff tt aL, 1988). In contrast, if 0-2A progen- 
itors are no longer able to divide, oligodendrocyte num- 
bers rapidly increase initially and then show no further 
change when all the 0-2A progenitors have differen- 
tiated (assuming that the fairly consistent rate of dif- 
ferentiation of individual cells (e.g., Raff et aL. 1984) is 
itself not changed by the experimental manipulations). 
The second behavior that can be observed is the genera- 
tion of clones of oligodendrocytes derived from a single 
0-2A progenitor. The sise of the clone depends on the 
length of the limited period of division elicited by PDGF 
and so reflects the period of time that remained to be 
measured by the founding 0-2A progenitor before dif- 
ferentiation was initiated (Temple and Raff, 1986). The 
third behavior is exhibited by populations of 0-2A pro- 
genitors derived from embryonic optic nerve. Such popu- 
lations give rise to the first oligodendrocytes t« vitro at 
s time equivalent to the day of.birth (Noble et aL, 1988; 
Raff et aL, 1988). This last behavior is the measure most 
likely to indicate whether the biological clock in 0-2A 
progenitors is functioning appropriately. 
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Th. .fleet of preventing differentiation while stimu- 
dSon for vMyina periods of 
l * \ * ' „„ j,.. rm l n «d for all three of these beh»v- 
^Tel^rtlSli — ^r the -^of 
Cfir.t two behaviors (experimenu report^ I w r^-l 
«1 » wm to grow 0-2A progenitor, (derived Crow the 
*ntic n*"« oV 7 a.y-old rat.) under condition. that 
pSvente7"f?ereniUtion (PDGF plus bFGF) andto 
S Zh titer different duration, of culture W ^con- 
promoted timed differentiation (PPGF but 
» MrfiM The ability of these cells to divide and dif- 

Sol 0-2A progenitor.. Accordingly, opt* nerve cells 
were elubHshed in balk culture ami given PDGF pins 
bFGF daily. Culture, were passaged weekly, and .b- 

of purined cortieal astrocyte, for an.lysi* Fi*JA). 
Coculture with cortical astrocyte. w»i uaed as astro- 
make PDGF and promote timed differentiation of 
oSSJSh. (Noble * al. *W-r so» * £ 
1988) « well aa maximizing 0-2A lineage cell viab.l.ly 

individual clone.. A.trocyU-opt c nerve ^rea « 
Uived either no additional factors. PDGF, or PDG* 
XtFGF deferred to aa Aat, A,t/P, or Ast/PF respec- 
SeW Tand were »na*y M d by immonocytochemi.try 
Iter 1, 1 3, 5. and 7 day.. Aa expected from the fact that 
*."ocy£. make PDGF. we obaervd no diff erence. .be- 
tween culture* that received no additional factor* (data 
nnSS «- those that received W ^- «- 
preaant data only on cell, that were switched to AWP. 

Population, of freshly isolated 0-2A P™e«' t0 " cul ' 
turedTn the preaencc of PDGF exhibit both 0-2A pre, 
genitor self-renewal by div.s.on and °J'8odendrocyte 
generation by differentiation (Noble and 
Noble « al. 1988; see also Wren * al 1992). In PDGF- 
treated culture, of optic nerve cells, the extent of 0-2A 
progenitor self-renewal is related to the P»P»t»n of 
0-2A progenitor, with acme time remaining.n their lim- 
iUd period of division, and so have not undergone timed 
differentiation. The capacity of 0-2A progenitor self re- 
newal to continue for prolonged period, in populate, 
of cell, is thought to reflect a heterogeneity m the dura- 
tion of the mitotic period remaining cto "" 
of the starting population (Temple and Raff, 1986). As a 
consequence one cannot measure the timed 
tion of 0-2A progenitors into oligodendrocyte, m post- 
natal optic nerve cultures as a single endpomt. The 
changing numbers of 0-2A progenitors and oligoden- 
drocytes in a population analysed at various time points 
can be used, however, to give some indication of the 
amount of time that remains to be measured by the 
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0-2A progenitors in that population. If. on average, a 
targe amount of time remains in the limited penod of 
division that precedes timed differentiation then one 
would observe the continuous generation of both O-ZA 
progenitor, and oligodendrocyte.. In contrast, if all the 
0-2A progenitor, have completed the measurement of 
time and reached the end of their period of divtaion, Otey 
would be expected to differentiate rapidly Into oligoden- 
drocytes and to show little sign of self-renewal. 

Culture ofO-SA Prvoeniiors in PDGF Phu fGFLead, 
to a Gradual Reduction, in Ote Duration for Which 
They are Subsequently MUoticaUy Responsive to 
PDGF Alone 

Analysis of populations of 0-2A progenitor, that had 
been switched from culture in PDGF plus bFGF to Ast/ 
P showed a dramatic increase in the proportion of O-ZA 
lineage cells that were oligodendrocytes after the first 3 
days in Ast/P. when compared to freshly isolated 0-2A 
progenitors (Fig. IB). Furthermore, the proportion of 
the starting population that differentiated into oligo- 
dendrocytes during the first 3 days of culture in Ast/P 
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For culture in th« pr*«*nrr cf PDGF piut i,FGF c*IH »»re treated u 
described for the «»p«t imtntj shown in Figs. I and 2 Aliquots of orlh 
*«r« rf.mo»*d »!t« 1. 2. 1, »nd 6 *«k» and r<-cl»ird *t * density of 
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plus bFGF »nd prf p»rf A tor ijnmunocyiocherr.iJU-y »ft«t 2 day*. They 
labeled with anti-PPGF rcrcplor intibwjics, as wdl is A2B5*nd 
anli-G»lC antibodies Th* proportion of A2B6* C»IC" 0-2A progeni- 
tors th*i i»ert also Ubelcd by the anli-PDGF receptor intibodiet is 
(hown. Data ii mtan - SEM for between 6 and 10 cowslips from two 



correlated well with the duration of prior culture in 
PDGF plus bFGF (Fig, IB): the longer cells had been 
grown in the presence of PDGF plus bFGF the greater 
the proportion of 0-2A lineage evils that differentiated 
into oligodendrocytes after 3 days in Ast/P Three days 
after switching cells to Ast/P the rate of increase of the 
percentage of oligodendrocytes flowed, either because 
the rate of 0 !£A progenitor self-renewal became similar 
to the rate of oligodendrocyte generation {after 1, 2, and 
4 weeks in PDGF plus bFGF) or because there were 
almost no 0-2A progenitors left at this tim« (after 6 
weeks in PDGF plus bFGF). As expected, all cultures in 
Ast/PF showed little increase in the proportion of 0-2A 
lineage cells that were oligodendrocytes as under these 
conditions 0-2A progenitor division occurred in the ab- 
sence of oligodendrocyte differentiation (Fig. IB). 

Examination of the data shown in Fig. IB in terms of 
cell numbers suggested that after 6 weeks in PDGF plus 
bFGF, no significant amount of 0-2A progenitor divi- 
sion occurred in Ast/P (Fig. 1 C, bottom left panel shows 
no change in the sum of the bar heitfhts; the culture 
conditions prevent any significant cell death: see Barres 
el al, 1992). In contrast, freshly isolated populations of 
0-2A progenitors, or cells switched after 1 week of cul- 
ture in PDGF plus bFGF, showed s combination of 0-2A 
progenitor self-renews.) and oligodendrocyte generation 
in Ast/P (Fig. 1C. left panels). The behavior of 0-2A 



progenitors switched to Ast/P alter only 1 week of cul- 
ture in PDCF plus bFGF wet intermediate between 
that of the cells giown for 6 wuefcs and freshly isolated 
cells: although some 0-2A progenitor division occurred 
(as indicated by an increase In cell number), a larger 
proportion of cells in the 1 week pre-lreated culture be- 
came oligodendrocytes within 3 day* than in cultures of 
freshly isolated cells (compart Fig. lC left panels). As 
expected, all Ast/PF cultures showed 0-2A progenitor 
division and no significant oligodendrocyte generation 
over the time points examined (Fig. lC). 

Cells differentiating from an A2B5 4 GalC~ 0-2A pro- 
genitor into an A2B5"GalC" oligodendrocyte are tran- 
siently A2B5*GaJC. and the proportion of 0-2A lineage 
cells that occupy thiE compartment at any given time is 
related to the rate of differentiation of the population as 
a whole. Examination of this A',*B5*GaIC compartment 
also shows that pretreatment with PDGF plus bFGF is 
as&ociated with an increase in the number of differen- 
tiating cells seen at early time points (Fig. lC, stippled 
bars). Again, 6 weeks of prior culture in FDGF plus 
bFGF had a more marked effect than 1 week of prior 
culture (Fig. lC, left panels). After € weekB in the pres- 
ence of PDGF plus bFGF, very few AZBS'GalC* cells 
were found in these culture after the 3-day time point 
(Fig. 1C). In contrast, A2B5*GalC* cells were found on 
all days examined in cultures grown in the presence of 
PDGF plus bFGF for I week before switching to Ast/P. 
It is interesting to note, however, that significant num- 
bers of auch cells were seen in these cultures several 
days before their presence in cultures derived from 
frevhly isolated cells. Thus, these data also indicate that 
the yield of oligodendrocytes within a given time period 
of growth in Ast/P is increased by prior culture in 
PDGF plus bFGF and further indicate that the rate of 
differentiation itself is probably not altered from the 
figure of S days reported in earlier studies (Raff et al, 
1984). 



Culture of O-SA Progenitors vn PDGF Plus bFGF Leads 
to a Stepwise Reduction in the Size qf the 
Oligodendrocyte Clones Subsequently Generated in 
Respvnae to PDGF Alone 

Clonal analysis allows direct measurement of the 
numherof cell divisions that the founding cell of a clone 
and its progeny underwent. In the case of 0-2A progeni 
lore dividing in response to PDGF, clone size depends on 
the length of the limited mitotic period that precedes 
timed differentiation, assuming that no significant 
amount of cell death occurred (Temple and R:ifT, 1986). 
Therefore, clones derived from 0-ZA progenitors that 
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had been crown in PDGF plus bFGFfor varying period* 
of time, or had been freshly isolated from optic nerv«, 
were analyzed in insulin containing cocuiture with cor- 
tical astrocyte* (Noble et al, 1988; Ball at oL, 1988; 
Barres et al, 1992), following the method of Tempi* and 
Raff (1986). Cultures were observed the day after opttc 
nerve cells were placed in raicroculture and every other 
day after that. When oligodendrocyte differentiation 
was judged to be complete by cell morphology (after 
between 3 and 10 days, depending on how many round* 
of division occurred) cultures were prepared for iramu- 



nocytochemistry to confirm the differentiation state of 
the cells and to facilitate counting of the cell*. 

Clone* derived from freshly isolated 0-2A progeni- 
tor* showed a wide range of siie* as expected (Fig. 2A; 
Temple and Raff, 1986). In contrast, after 4 week* in 
PDGF plus bFGF all of the 38 0-2A progenitor* ana- 
lyzed generated clone* of 1 oligodendrocyte (Fig. 2C), 
suggesting that these 0-2A progenitor* were no longer 
induced to divide by PDGF when grown in single-cell 
mlcroculture. None of the founding cell* wa* seen to 
divide and all differentiated within 3 days of plating 
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PlO. 5. 0-2A progenitori cultured for 7 weeio In PDGF plat bFGF 
«*pr»» pt/Cr-a receptor. AMl-PDaF-o rccepuw WeiUrn blot of 
•nli-PDCF-n rweepw immunspndpitate* of Rat-!. N1H 3T3 fibre- 
bluu, and an optic nerve culture ch»t had been grown for 7 weeka In 
the pretence el FDGF plut bFGF. The potition of tie PDGF-o recep- 
tor is Indicated, and then bandi migrated «t »ppre*lmati)y 180 WDs. 



into the mierowells. 0-2A progenitors that had been 
first pawn for a week in PDGF plus bFGF showed be- 
havior that was intermediate between that of freshly 
iBolited celts and cells that had been in the pretence of 
PDGF plus bFGF for 4 week* (Fig. 2B). The largest 
clone derived from freshly Isolated cells consisted of 120 
sella, implying that the founder 0-2A progenitor of this 
clone underwent at least seven divisions. After 1 week in 
PDGF plus bFGF clone* of 21 cells or fewer were ob- 
tained, suggesting that 0-2A progenitors underwent a 
maximum of five divisions sfter switching to Ast/P. It 
should be noted that some of the donas shown in Fig. 2 
contained A2B5*GalC~ 0-2A progenitors at the lime 
that the cultures were fixed (white letters on black 
background). These cells had appeared to be oligoden- 
drocytes when they were observed live under the phase- 
contrast microscope as they had a more complex, 
branched morphology than typical bipolar 0-2A pro- 
genitors. As in the course of oligodendrocyte differen- 
tiation, morphology changes before antigenic phenotype 
(Noble and Murray, 1984; Raff et al, 1985; Temple and 
Raff, 1986) and is generally associated with a cessation 
of division (Small at oi, 1987; Noble et aL, 1988). it is 
most likely that these cells were at an early stage of 
differentiation. The presence of a few A2B6*GalC~ mul- 
tipolar 0-2A progenitors in some clones is consistent 
with previous observations (Temple and Raff, 1986). 

A Short Exposure to bFCF Docs Not Alter the Timing of 
the Appearance of the First Oligodendrocytes in 
PDGF-Trealed Embryonic Optic News Cultures 

Analysis of the behavior of small populations (Fig. 1) 
and clones (Fig. 2) suggested that culture in PDGF plus 
bFCF led to a gradual shortening of the period of time 
during which 0-2A progenitors would subsequently di- 
vide in response to Ast/P. One possible explanation is 
that ceils registered the passing of time in the presence 
of PDGF plus bFGF and that exposure to bFGF in the 



presence of PDGF did not prevent the measurement of 
time in cultures of postnatal optie nerve. An alternative 
explanation would be that any exposure to bFGF dra- 
matically increases the yield of oligodendrocytes pro- 
duced within the first few days of subsequent growth in 
Ast/P. To test this possibility we used the sensitive as- 
say for the correct functioning of the clock provided by 
the timed appearance of oligodendrocyte* in cultures of 
embryonic optie nerve. The first oligodendrocytes ap- 
pear in embryonic optic nerve cultures treated with 
PDGF at a time equivalent to birth, and invariably do so 
within a 24-hr window (Raff et al. 1988). Therefore, we 
exposed embryonic optic nerve cultures transiently to 
bFGF (in the continued presence of PDGF) and fol- 
lowed the appearance of oligodendrocytes. 

Transient exposure to bFGF in the continued pres- 
ence of PDGF did not alter the time of appearance of the 
first oligodendrocytes in embryonic optic nerve cultures 
from that observed in control cultures that received 
PDGF throughout the experiment (Fig. 3). However, 
slightly fewer oligodendrocytes appeared over the 
course of the experiment in cultures that transiently 
received bFGF, both in terms of cell numbers and pro- 
portion of 0-2A Uncage cells. This raises the possibility 
that short-term exposure to bFGF increased the num- 
ber of divisions that some clones of cells underwent, as 
has been suggested by others (McKinnon et oi, 1990). 
Cells that received either PDGF or PDGF plus bFGF 
throughout behaved as expected from previous studies: 
in PDGF alone the first oligodendrocytes were gener- 
ated after 2 days (Fig. 3; Raff et oi, 1988), while in PDGF 
plus bFGF no oligodendrocytes were generated (Fig. 3; 
Bftgler «t al, 1990). 

O-ZA Progenitor* That Are MitoticcMy Unresponsive to 
PDGF Continue to Express PDGF -a Receptor* 

One possible explanation for the observation that 
prolonged culture in the presence of PDGF plus bFGF 
led to an inability of some or all 0-2A progenitors to 
subsequently respond to Ast/P is that the levels of 
PDGF-o receptor declined. In order to investigate thia 
possibility, we asked whether long-term cultures of 
0-2A progenitors grown in the presence of PDGF and 
bFGF continued to express PDGF-o receptors. We also 
tested whether 0-2A progenitors grown for various pe- 
riods of time in PDGF plus bFGF and then switched to 
the presence of PDGF alone for 2 days expressed PDGF- 
or receptors. Bulk optic nerve cultures derived from P7 
optic nerve were established as for previous experi- 
ments. Cells were removed from PDGF plus bFGF after 
1, 2. 4, and 6 weeks and analyzed by PDGF receptor 
immunocytochemistry after a further 2 days, either in 
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the presence of PDGF plus bFGF or in l'DGF alone {Ta- 
ble 2 and Fie- <0- This time point was chosen as it repre- 
sents a compromise between allowing the maximum 
time for the levels of receptor to decline if it were no 
longer being synthesized »"d retaining enough 
A2B5*G*IC _ O-ZA progenitors present in all the cul- 
iui«k to be able to analyze a r* aeuliably sized population 
of cells. 

Greater than 95% of A?.B.VGalC 0-2A progenitors 
showed a clear reaction with anti-PDGF receptor anti- 
bodies in all cultures examined, suggesting that they 
expressed I'DOF-o receptor (Table 2 and Fig. 4) de&pjte 
being refractory to the mitogenic effects of PDGF. In 
contrast, A2B6~ Ga)C + oligodendrocytes were not la- 
beled by the anti-PDGF receptor antibodies ir. any col- 
lures (Fig. 4A to 4C). In both the control and experimen- 
tal populations that received only PDGF. A2BS* GalC* 
immature oligodendrocytes that were also PDGF recep- 
tor* were seen, suggesting that at least in some cases 
PDGF-o receptor levels did not decline until after dif- 
ferentiation was already in progress. 

The cells that remained from the bulk culture of one 
of the above experiments after € wetks were returned to 
culture in the presence of PDGF plus bFGF for a further 
7 days before being harvested for analysis by imrnuno- 
precipitation and Western blotting with an antiserum 
specific for the PDGF a receptor (Erikston eld., 1992) 
As can be seen in Fig. 5 this optic nerve culture, which 
contained almost only 0-2A progenitors, expressed lev- 
els of PDGF-o receptor similar to NIH 3T3 or Rat-2 
fibroblasts 

D1SCUSSIOK 

When grown in the presence of PDGF, G-2A progeni- 
tors derived from optic nerve*, of perinatal rata undergo 
a limited period of division, at the end of which they 
switch from division to differentiation. The duration of 
this period of division is thought to be regulated by a 
rill-intrinsic clock We examined whether 0-2A progen- 
itor behavior changed with elapsed time when cells were 
grown for varying periods of time under conditions that 
stimulate division and prevent differentiation. It was 
found that 0-2A progenitors grown in the presence of 
PDGF plus bFGF. which together prevent difff . er.tia- 
tion, gradually became refractory to the mitogenic ef- 
fect of subsequent culture in Ast/P in the absence of 
bFGF. The longer the period in PDGF plus bFGF, the 
greater the proportion of 0-2A progenitors that differ- 
entiated without dividing after having been switched to 
Ast/P. Eventually, after 6 weeks in PDGF plus bFGF, 
almost all the 0-2A progenitors differentiated without 
dividing in Ast/P. In addition, 0-2A progenitors precul- 



tured in PDGF plus bFGF gave rise to smaller clones of 
oligodendrocytes, after switching to single cell culture 
in Ast/P, than did freshly isolated celts grown in paral- 
lel single cell microcullure. After 1 wtwk in PDGF plus 
bFGF the maximum clone size observed a/ter switching 
to Ast/P was 21 cells compared to 120 cells se«n in the 
largest clone derived from freshly isolated 0-2A pro 
g« niton. Exposure to both mitogens for 4 weeks was 
sufficient to produce a population of 0-2A progenitors 
that no longer divided after switching to Ast/P in single 
cell microcuHure. In contrast, a short exposure to PDGF 
pius bFGF did not result in any similar shortening of 
the period of division of 0 -2A progenitors after switch- 
ing to PDGF alone. 

We suggest that the simplest explanation of our re- 
sults is that 0-2A progenitors cultured in the presence 
of PDGF plus bFGF measure time and retain a memory 
of the fact that they have exceeded the number of divi- 
sions that they would normally undergo in the presence 
of PDGF alone. While it appears that this continued 
functioning of the biological clock was able to bring ceils 
to the brink of differentiation, it was not sufficient to 
cause a cessation of cell division or to induce differen- 
tiation. These results represent an extension of previous 
studies of this phenomenon, in that the measurement of 
time hy 0-2A progenitors had previously only been ob- 
served as the timed switching of cells from a program of 
self-renewal by division to a program of differentiation, 
in the presence of PDGF (Noble and Murray, 1984: Tem- 
ple and Raff, 1986, Noble vt aL, 1988; Raff e£ al, 1988). 
From these studies it was not possible to determine 
whether the clock is part of the mechanisms that regu- 
late cell division and differentiation or is separate from 
them. The. demonstration that the measurement of time 
apparently occurs under conditions where division con- 
tinues in the absence of differentiation allows us to ex- 
amine this issue, 

Predictions about the behavior of the clock under con- 
ditions in which cells divide but do not differentiate 
differ depending on whether it is a separate and indepen- 
dent mechanism. If the clock were an integral part of 
either the cell division or differentiation machinery, it 
would follow that the clock would be inoperative under 
the growth conditions we examined. In detail, if the 
clock worked by limiting the number of cell divisions, 
for example by the loss of an activity required for execu- 
tion of the cell cycle, then conditions under which this 
limit is removed would prevent the measurement of 
time. Similarly, if the clock operated by inducing differ- 
entiation after a set period of time, conditions which 
prevent differentiation would destroy the cell's ability 
to measure time. Our observations appear to rule out 
both of these groups of potential mechanisms, as our 
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data suggest that the measurement of lime is ongoing 
under condition* thai induce continued proliferation in 
the absence of differentiation. Instead, we would sug- 
gest that our results are more consistent with the hy 
po thesis that the measurement of time is performed by 
a separate cellular mechanism that can interact with 
the mechanisms controlling division and/or differentia- 
tion, yet is distinct from these mechanisms, 

It should be noted that our experiments do not ad- 
dress the questions of whether cell division is required 
for the functioning of the clock or whether it is the num- 
ber of cell divisions that are being counted. In order to 
examine these issues it would be necessary to analyie 
the ability of cells to measure elapsed time in the ab 
sence of cell division. Therefore, while our hypothesis 
states that the clock is separate from the cell division 
machinery (i « , does not function by imposing an irrevo- 
cable limit on the number of cell divisions), it does not 
state that the clock does not require cell division to 

Previous analysis of 0-2A progenitors in single cell 
culture has led to the estimate that a maximum of eight 
roundB of ceil division occur in response to stimulation 
by purified astrocytes (Temple and Raff. 1986), which 
appear to exert their mitogenic effect* Through PDGF 
(Noble et ai, 1988; Raff et al, 1988, Richardson et ai, 
1988). This estimate is at odds with our finding that 
growth for between 4 and 6 weeks in PDGF plus bFGF is 
required for O ZA progenitors to reach the point si 
which they are unresponsive to Ast/P (Figs. 1 and 2). 
0-2A progenitors grown in PDGF, or in PDGF plus 
bFGF, appear to have similar cell cycle times of approxi- 
mately 20 hr (Noble et aL, 1988; Bogler et aL, 1990). At 
such a rate of division, at least 2S divisions (4 weeks; see 
Fig. 2) would be required to exhaust the measurement of 
time in the presence of PDGF plus bFGF. 

One explanation for this difference between our ob- 
servations and those of Temple and Raff (J 986) would be 
that exposure to bFGF alters the clock by extending the 
period of time to be measured. This possibility has been 
raised in the context of s model for the clock whereby 
the measurement of time is ascribed to a reduction in 
the level of FDGF-a receptors, in a study where it was 
observed that bFGF could up-regulate the amount of 
PDGF-o receptor expressed by 0-2A progenitors 
(McKinnon et ai, 1990). This possibility would not be 
inconsistent with our observation that a short exposure 
of embryonic optic nerve-derived 0-2A progenitors to 
bFGF was associated with a slower production of oligo- 
dendrocyte!, although the time of their first appearance 
was not changed (Fig. 3). However, other data from our 
study show that exposure to bFGF (in the presence of 



PDGF) for 1 week or longer leads to a reduction in th« 
subsequent period of division in response to PDGF, sug- 
gesting that exposure to bPGF does not inevitably leai 
to an extension in the clock. 

Another possible explanation for the discrepancy bt~ 
twc«n our results and those of Temple and Raff (1986) is 
that the experimental conditions under which the mea- 
surement of time is examined can affect the result. 
When we analyzed individual 0-2A progenitors as op- 
posed to small populations. w« observed that a shorter 
period of previous culture in PDGF plus bFGF resulted 
in the complete absence of division: for small population 
analysis 6 weeks was required, while for single cell anal* 
ysis only 4 weeks sufficed (compare Figs. 1 snd 2). This 
would suggest that any measure of the length of the 
PDGF responsive period derived from observations in 
single cell microculture may lead to sn underestimate 
when compared to experiments using small populations. 
It is not clear whether these differences arc due to inter- 
actions between 0-2A progenitors, changes in the ratio 
of astrocytes to optic nerve cells, or other factors. 

0-2A progenitors that differentiate under the control 
of the clock lose the ability to divide in response to 
PDGF before any overt phenotypic chang«6 occur (Tem- 
ple and Raff, 1986; Noble et aL, 1988; Raff et al, 1988), 
Oligodendrocytes are however not truly postmitotic as 
they retain the ability to divide in response to bFGF for 
a period of time in culture (Eccleston and Silberberg, 
1985; Saneto and De Veilis, 1985; Noble et al, 1988; 
Bogler et ai, 1990; Mayer et aL, 1993). It has, therefore, 
appeared probable that a key event in triggering timed 
differentiation in 0-2A progenitors is the selective loss 
of mitotic responsiveness to PDGF. This has seemed un- 
likely to be due to a loss of PDGF receptors, as at least 
50% of newly formed oligodendrocytes express detect- 
able levels of PDGF receptors (Hart et aL, 1989b). Fur- 
thermore, the PDGF receptors on immature oligoden- 
drocytes are able to transmit signals: PDGF is capable 
of inducing a rise in intracellular calcium (Hart et aL, 
19S9a) as well as the expression of the proto-oncogenes 
c-fos and c-jun (Hart etaL, 1992). In addition, PDGF can 
transiently act as a survival factor for oligodendrocytes 
(Barres et aL, 1992) and elevate protein levels of the 
transcription factor SClP/Tst-l/0ct-6 in immature oli- 
godendrocytes (0. Bogler, A. Entwlstle, R. Kuhn, G. 
I.emka, and M. Noble, unpublished observation). Our ob- 
servation that 0-2A progenitors that have become re- 
fractory to the mitogenic effect of PDGF after pro- 
longed culture in PDGF plus bFGF, but continue to ex- 
press easily detectable levels of PDGF receptor, is 
therefore in agreement with the work of others. The 
possibility that changes too subtle to be discerned with 
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either anti-PDGF receptor antibodies (this study) or ra- 
diolabeled PDGF (Hart et al, 1989b) underlie timed dif- 
ferentiation cannot, however, be excluded at present. 

Recent studies conducted un fibroblast populations 
suggest that the type of phenomenon we have observed 
is not restricted to 0-2A progenitor cells. These experi- 
ment* have been performed on fibroblast populations 
derived from H-iiK'-tsABJ* transonic mitt (Jat et al, 
1991), which can be induced to express the immortaliz- 
ing tsA58 mutant of SV40 large T antigen immediately 
after dissection by growth of cells in the presence of 
interferon at 33"C. Thus, these cells can be exposed to a 
stimulus that allows thern to continue dividing beyond 
their norm*) limited mitotic life span from the begin- 
ning of their in vitro gTOwth, in analogy u-ith the expo- 
sure of 0-2A progenitors to PDGF plus bFGF Fibro- 
blasts derived from H-2K*-tsA5S transgenic mice are 
only conditionally immortal, in that switch to growth in 
mterferen-free medium at 39.5"C turns off function of 
the large T antigen, again in analogy with the switch of 
O-ZA progenitors from growth in PDGF plus bFGF to 
growth in Ast/P. It was shown previously that inactiva- 
t.ion of ■ conditional immortalizing stimulus in long- 
term rodent fibroblast cultures was associated with the 
cessation of growth and an accumulation of cells in the 
GJ and G2/M phases of the cell cycle, suggesting that 
the removal of active Urge T antigen led to the recapitu- 
lation of senescence (Grove and Cristofalo, 1977; Jat and 
Sharp. 1989) The more recent studies on fibroblasts de- 
rived from H*2K*"tsA58 transgenic mice have indicated 
that in these cells the normal mitotic life span is mea- 
sured despite the presence of large T antigen. Thug, cells 
switched tononpermisbive conditions after various num- 
bers of passages under immortalizing conditions have a 
shorter remaining mitotic life span than control cells, 
with the extent of remaining mitotic life span being re- 
lated directly to the length of time the cells were first 
grown under immortalizing conditions. Moreover, cells 
switched after the normal mitotic life span has elapsed 
rapidly cease cell division and become senescect (Ikram 
et aL, in press). These results suggest that cells pre- 
vented from undergoing senescence by the presence of 
an immortalizing oncogene retain cellular memory of 
having passed the number of ceil divisions after which 
they would have ordinarily senesced, implying that the 
mechant6m that regulates the onset of senescence mea- 
sures time in the presence of an oncogene. The timing 
mechanisms that regelate senescence arid oligodendro- 
cyte differentiation theiefore appear to be at least su- 
perficially similar in that they lemam active when not 
being able to reflate the onset of the processes they 
normally control. The extent to which such processes 
are indeed controlled by similar mechanisms will only 
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be established when the molecular basil of timed differ- 
entiation is understood. 

We suggest that the data, we have presented establish 
that the biological clock of 0-2A progenitor cell* La an 
autonomous mechanism distinct from the mechanisms 
which allow cell division or promote cell-type-apeciftc 
differentiation. An elucidation 0/ the molecular nature 
of ihe clock m»y be facilitated by the ability to generate 
cells which are no longer able to measure time, for ex-am- 
ple by prolonged culture of 0-2A progenitors in PDGF 
plus bFGF or rodent fibroblasts harboring a umpera- 
ture-senaitivc SV40 large T antigen. Such cells could be 
used as targets for attempts to reconstitute the measure- 
ment of time and so may lead to the identification of the 
molecules involved. 
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Table 3 Anti-PDGF antibodies block ruponit of 0-2A progenitors le 

type- 1 astrocyte s and PDOF. "■>' 10 FGF 

Radiolabeled O-JA progenitors (%) 
No anti-PDGF Plus enti-PDOF 



ACM 

PDGF, J ng/aii 
FGF.Jng/ml 



69+3.7% 
40+4.2% 



nerve by migrating from t germinal zont in or ne»r the optic 
chiasm iloni the nerve towards (he eyV.This directional migrt- 
lion could be due to movement along a gradient of a ehemotMUe 
substance, such at PDGF. In the adult animal, the ability of 
cells in a lesion site to secrete compounds which promote 0-2A 
progenitor migration and division could be of value in the repair 
of dernyelinating damage in the CNS. The controlled application 
of PDGF, or other chemotactie mitogen*, might enhance these 



Cells were grown as in Table I. Cultures received either the indieewd 
mitogen, or mitogen ply. 50 ug of rabbit anil- PDGF intern (punfijd 
Ig fraction, * kind gift of C. H.Win). When antibody was added, the 
ACM or non-conditioned medium with miiofrn was pmncubatad with 
.mibody for at least 1 h before addiiion to the cells. Celli were (abetted 
with ['HJ-thymidlne. ImmunolabelJed, proceed for aotoradiogrsphy 
and scored at in Table 2. 



the medium contained PDGF (data not shown). Thus, PDGF 
neither inhibited nor induced differentiation of 0-2A progenitor 
cell, into type-2 aatrocytee, nor did it preclude differentiation 
of 0-2A progenitor cell, into oligodendrocytes, in these respect* 
also, the effects of PDGF were identical to the effects of type-1 

"To'dMennine whether the eflects of type- 1 astrocytes were 
mediated by PDGF, we treated ACM, or medium containing 
PDGF or fibroblast growth factor (FGF) with amnity-punfted 
anti-PDGF antibody. (As will be discussed elsewhere, FGF is 
also a mitogen for Q-2A lineage cells, but does not mimtc the 
effects of type-1 astrocytes on motility and differentiation.) These 
antibodies blocked the effects of ACM and PDGF, but did not 
block FGF-induced DNA synthesis in 0-2A progenitors (Table 
3), indicating that blocking was not due to toxic effects of the 
antibody. . , . . 

Type-! astrocytes also support the appropriately timed 
differentiation of embryonic 0-2 A progenitors grown mvim. 
As discussed in the accompanying paper . astrocyte-denved 
PDGF seems to play a key role in this effect and is by itself 
sufficient to promote the synchronous differentiation of elonally 
related and dividing progenitor cell families. Thus, in these 
respects also, PDGF completely mimics the effects of type-1 
astrocytes. 

The ability of a single molecule to replace type-1 astrocytes 
in modulating 0-2A progenitor development /n uiiro suggests 
that these cells have a complex and constitutive behavioural 
phenotype, controlled by processes internal to the progenitors 
themselves. Progenitors stimulated to divide by an appropriate 
mitogen appear to be intrinsically migratory cells, with a bipolar 
morphology, which cease migration upon differentiating into 
multipolar oligodendrocytes; this differentiation seems to be 
controlled, at least in part, by internal clocks which may function 
by counting cell divisions. This programme does not, however, 
include astrocyte differentiation, which requires a separate 
inducing factor 19 . 

The observations that PDGF induced DNA synthesis at 
picomolar concentrations, the identical effects of PDGF and 
type-1 astrocytes on the division, differentiation and motility of 
0-2A progenitors and the ability of anti-PDGF antibodies to 
block the activity of astrocyte-conditioned medium all indicate 
that the astrocyte activity is a PDGF-like substance. In addition, 
messenger RNA for PDGF has been identified in purified astro- 
ctyes and these cells have been found to secrete PDGF in vitro 
( W. Richardson, N. Pringle. M. Moseley, B. Westermark, & M. 
Dubois-Dalcq, manuscript submitted). Together, our studies 
indicate that PDGF may play an important role in ghogencsis 
in the CNS. 

The ability of PDGF to promote division and migration of 
0-2A progenitor cells msy be of particular interest in light of 
observations that PDGF can set »» a chemotactie agent '. During 
embryogenesis, 0-2A progenitors appear to populate the optic 
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The variooa celt types ia a multicellular animal differentiate oa a 
predictable schedule bat the mechanisms responsible lor timing 
eel) differentiation ire largely ueknowa. We have studied a popula- 
tion of bipotential glial (O-JA) progenitor cells la the developing 
ral optic nerve 1 that give* rise ta oligodendrocyte* beginning at 
birth aad to type-2 mstTocyte* 1 beginning ia the secoad postnatal 
week*. Whereas, ia dido, these 0-2A progenitor cells proliferate 
■n* give rise to poetiraitotfc oligodendrocytes over several weeks , 
ia serum-free (or low-serum) cultare they stop dividing premnrureJv 
and differentiate law oligodendrocytes wlthia two or three days . 
The normal llralag or oligodendrocyte development can be restored 
if embryonic optic-nerve cells ara cultured in medium conditioned 
by ryne-1 astrocytes', the first glial cells to differentiate ia the 
nerve': ia this case the progenitor celts contlnne ta proliferate 
the first oligodendrocytes appear oa the equivalent of the day of 
birth, and new oligodendrocytes coariaac to develop over several 
weeks, just as in tn'oo 7 . Here we show that platelet-derived growth 
factor (PDGF) can replace type-1 - utrocyte-co*d itioned medium 
ia restoring the normal timing or oligodendrocyte differentiation 
in oirro and that aati-PDGF sntibodies Inhibit this property of 
the appropriately conditioned medium. We also show that PDGF 
is present ia the developing optic nerve. These findings suggest 
thai type-l-astToeyte-derived PDGF drives the clock that time* 
oligodendrocyte development. 
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from R an d o Systems 



from Stroobant and Walerfield" (data 

n0 ^i.°. W "iulis indict, that PUOF can m.raic the effect, of 
ACM in restoring in culture the norma! fmrng of oligoden- 
drocvle development observed in vivo, raising the possibility 
that PDGF is the factor m ACM responsible for th.s activity. 
T possibihty, £.7 optic nerve ce..s were 
ACM together with an IgG fraction of a goal P°<f f a " 1 ^ 
iSl As shown in Table J, these antibodies completely blocked 
the ability of ACM both to stimulate 0-2A progenitor-ccl. pro- 
ifcrat on (a. reported previously') and to restore the normal I n 
1" timing of oligodendrocyte development in culture (Table 
7). The same result was obtained using an IgG fraction ot a 



Optic 



•mbryo 



t S/D u 



uredonpoly-U ly> 
30.000 cell* per covmlip) in 
(DMFM) supplemented with glucosi 
albumin, p-ogrs 
0.5% FCS as d- 



tigalactoc 



erebroside (OC) a 
JU pled p» 



tonal -■ 



diluled 1:100). 
and finally ihodaminr-coupled go.. - 
Cappel. diluted I 100): Ihe cells wtrc t 

microscope, as described 7 . O 2A progem 
antigenic phenorype (A2B5*. GC ) 
bearing morphology", while oligodet.d 
process beating tells" The imal numb 



• thyroxine, in-idndoihyronme and 
'human PDGF (R and D Systems. 
:u!ture. Afier 1-* days, the cells were 
phosphatebuflered saline (P" 7 ^] 

nody'Nw^Ks"^^ diluled riOOO). 
use IgG3 (G ant. 1 K C33-F1. Nordic 
1 rtbody»l»«i««nv.idd.lu.edl.lOO) 



nified by 
side (GC)" 
s, Inc., Min- 



We were led to study the efleel of PDGF 
oligodendrocyte development in vitro by t..uL,,^ 
PDGF is a potent mitogen for 0-2 A progenitor cells in cu.turc 
and that cultured type-1 astrocytes stimulate 02A progen.tor- 
eU proliferation' by secreting PDGF*. In the present : s.udy 
optic nerve cell, from embryonic day 17 (£17) Sprague-Dawley 
(S/D) rats were cultured in medium containing 0.5% fetal cal 
scrum (FCS). As previously reported', within two days most of 
the 0-2A progenitor cells in such cultures stopped dividing and 
differentiated into oligodendrocytes, v. 
the binding of antibody against gal 
(Table I). When human PDGF (R an. 
neapolis) was added, however, the 0-2A progenitor cells con- 
tinued to proliferate doubling in number approximately every' 
day, and the first oligodendrocytes developed after four days, 
equivalent to the time of birth (Table 1). The same result was 
obtained if the cells were cultured in iype-1 astrocyte-cond.- 
tioned medium (ACM), as reported previously (data not 
shown). When E18 or E19 optic nerve cells were cultured in 
PDGF, the first oligodendrocytes developed after «».t-e and <*° 
days, respectively, again equivalent to .he day o ^b.rth (Table 
]) The same results were obtained with a fivefold higher con- 
centration of PDGF (Table 1), with human PDGF obtained 
from Raines and Ross' ; , and with porcne PDGF obtained either 



(90 ug ml"') (ng ml"') 



ACM 
ACM 
ONCM 



n EP 0| 



r„ „ .n Table 1. Purified iypt-1 astrocytes from newborn rat 
,ral cones were prepared as described 2 '; after growing for several 
3 in DMEM supplemented with 10% FCS the astrocyies were 
n r ihe defined medium (with 0.5% FCS) described in Table 1 
days and the medium was collected as ACM. Newborn optic nerve 
- -" - il in PDL-coaied 3.5 mm Nunc tissue-culture dishes) 
n DMEM containing 10% 



described'; 



Lsining 0 



the liming ol Ma-sachu 



t was collected after 1 day as ONCM. The t 
I on El 7 optic-nerve culture, to find the highest dilution ma. 
restore the normal liming of oligodendrocyte diflercnnanun, 

r,„s,irh vaned from undiluted to dilmed 1.10) 

n was changed after 24 h, 

, nolllonc „ , _ _. ..itibody. and human PDGF 

Systems Inc ) were added. The goat ami-human PDGF 
(an IgG fraction prepared by ion-exchange chromatography) 
:h Jed from Collaborative Research Inc. (Bedford, 
etts) "Ong mi"' of the antibody completely neutralized the 
activity of 5 ng ml"' of human PDGF for 0-2A progenitor 
not shown), and for NIH 3T3 cells (according to the Col- 
Research specification sheet). The results are expressed as 
except for the results with 



ONCM where they ai 



single « 



rabbit antiserum" obtained from C-H. Heldin (data not shown). 
IgG fractions of goat and rabbit antisera against mouse 
immunoglobulin used at the same or tenfold higher concentra- 
tion had no such effect (data not shown). The addition of 
exogenous PDGF together with the anti-PDGF antibodies com- 
pletely overcame the inhibitory activity of the antibodies (Table 

2). ' ,. 

The ACM used in the present and previous studies was 
derived from cultures of type- 1 astrocytes punfied from neo- 
naial-rat cerebral cortex. To determine whether type-1 astrocytes 
in optic nerve cell cultures also secrete PDGF, we cultured E17 
optic nerve cells in medium conditioned over a high density 
culture of newborn optic nerve cells; almost 60% of 

wch optic" nerl\"ondUioLed ,r .ne^u m (ONCm" kept 02A 
viding and pievented these cells from pre- 



progenitor cells 
maturely diflere 



o oligodendrocytes 



ivity was 
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unnple.ely .nh.biud by anti-PDOF antibodies. Wc have pre- 

Prided evidence. hcw, T . that -h V "^"«- 
jiMrocvtes in E17 optic nerve cultures are 100 ic 
i„,d/or are unable to recover quickly enough from .he d.ssoci- 
a.ion procedure to produce .sufficient mitogen to keep , «h« pro- 
genitor cells dividing and to prevent their premature different,- 

'"t" determine whether PDGF is made in the deve.opinj , o p uc 
nerve we tested an extract of three week-old rat opiic nerve for 
us abilitv to stimulate O 2A progenitor cells in culture to incor- 
porate bromodeoxyuridine (BidU) into DNA before and after 
the extract was treated with anti-PDOF anl.bod.es. As .shown 
in Table 3, the extract stimulated progenitor cells to mcorpoiatc 



Optic n. 
Optic n, 

poof * 



lodtoxvuridine (BrdU. 10 k M; Bne 
he cultures were fined after 48 h a. 
*ed by O ann-Mlg-Fl (Cappel, ; 



•d »nh A.2B5 antibody, 



B.O,, pH 8.5 ( 
■BrdU ar.tibod) 
ni-MIgRd. Opt 



leaf DNA' 2 ), 
1: 5) and final 



„_ .. it 220 (*g to 

i ami- PDGF antibodies, the extract (264 ^g total p 
:d with the IgG fraction of goal ami-human PDGI a 
3 7 ml of DMEM: Collaborative Research) for ■ 
tirmous rotation protein A-Scpharof-e 150 m' « f SN 



with continu. 
•o Centaur. 1 
em A-Sephar 



centnfuged for 1 



no- PDGF 

3t shown). 



ir neutralized when 
at shown), suggests 



BrdU and more than 70% of this mimgenic activity was removed 
by anti-PDGF antibodies. While this suggests that the major 
mitogen for 0-2A progenitor cells in the optic nerve at this age 

is PDGF, the finding that not all of the m " r »"""" ,n 

ihe extract was removed by the antibodies, < 
progenitor cells were cultured with the exit 
of an excess of anii-PDGF antibody (data n 
that another mitogen(s) is also present. 

Our present and previous results provide compelling evidence 
that PDGF, secreted by type-1 astrocytes, regulates both the 
proliferation and the timing of differentiation of 0-2A progenitor 
cells in vitro. To summarize the evidence: (1) PDGF stimulates 
the proliferation of 0-2A progenitor cells and prevents them 
from differentiating prematurely into oligodendrocytes in cul- 
tuie (iefs9, 10, and this study); (2) cultures of type-1 astrocytes 
purified rrom cerebral cortex make both PDGF and messenger 
RNA encoding PDGF A chains'; (3) when ACM is fractionated 
by eel filtration, the miiogenic activity for 0-2A progenitor cells 
is found in the same fractions as radiolabeled PDGF 4 ; (4) 
anti-PDOF antibodies inhibit the ability of ACM and ONCM 
to stimulate 0-2A progenitor cell proliferation in vitro (ref. 9, 10 
and this study) and to restore the normal ir 
oligodendrocyte differentiation (this study). 



> timing to 



4P 



5P,lt 



1 lot 



fell, from post-natal day 7 (P7) S/D rats »ere prepared and studied 
hv lime-lapse microcinc myography as described", except that the cell. 
«,«^.i^«d id h» mM . PDGF (10 ng ml-) instead of ACM. Prolife- 
-non and difleremiaiion of cells in microscopic field, containing 1 to 
"o-2A progenitor cells were followed for one week. The 0-2A pro 
cerrlor cells were identified by their charaocrmic bipolar mor- 
phology"" and misery behaviour". ^.^^^.^i? 
identified by their multipolar morphology and lack ot moumy . 

As shown in the table, oligodendrocyte differentiation occurred after 
four crll divisions in the len clones studied, althoufjh ir 



soil d 



\ progen 



Is (belonging 



Previous studies have suggested that ACM regulates the timing 
of oligodendrocyte development in vitro by keeping 0-2A pro- 
genitor cells dividing until an intrinsic clock in the progenitor 
cell initiates the process that leads to oligodendrocyte differenti- 
ation 7 " The tesults of these studies were consistent with the 
possibility that the clock operates by setting a maximum number 
of divisions a progenitor cell and its progeny can undergo before 
differentiating. To test this possibility further we cultured optic 
nerve cells from seven day-old rats in the presence of PDGF 
and followed the fate of individual 0-2A progenitor « lis ™° 
their progeny by time-lapse microcirif matography. As described 
previously, 0-2A piogenitor cells and oligodendrocytes could 
be easilv recognized as motile bipolar cells and immotile multi- 
polar cells, respectively' 4 In nine of the ten clones studied, all 
of the descendants of a single progenitor cell differentiated 
together into non-dividing oligodendrocytes after the same num- 
ber of cell divisions (Table 4); in the other clone (clone j in 
Table 4). the progenitor cells differentiated within one cell 
division of one another. These findings are consistent with 
previous single-cell experiments and the 'mitotic clock' 
hypothesis" but do not exclude other timing mechanisms. 

Whatever the timing mechanism, it is clear that oligoden- 
drocyte differentiation is associated with withdrawal from the 
cell cycle 45 '*. The relationship between the two processes, 
however, is uncertain. The clock in the progenitor cell might 
primarily control the onset of oligodendrocyte differentiation, 
with the cessation of proliferation following as a consequence. 
Alternatively, the clock might primarily control the onset of 
unresponsiveness to PDGF, with oligodendrocyte different^ 
ation following at a consequence of withdrawal rrom the cell 
cycle. We favour the second possibility as it would most simply 
explain why 0-2A progenitor cells differentiate prematurely 
when deprived of PDGF (see Table 2). 

Whereas oligodendrocyte differentiation seems to be the con- 
stitutive pathway of 0-2A progenitor cell development, which 
is automatically triggered when a piogenitor cell is deprived of 
signals from other cells 17 or when the instrinsic timer reaches 
the appropriate point 7,15 , type-2 astrocyte differentiation seems 
to be induced by a protein signal that greatly increases in 
concentration in the optic nerve after the first postnatal week". 
While the mechanisms that control the timing and direction of 
0-2A progenitor cell differentiation in im««j are beginning to 
emerge, it remains to show that the same mechanisms operate 
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protein inportix ia Immune comple* ck 
anllbody-depeiideM killing" mediate* ll L 
cytotoxicity. Together wit. o«r««.IU, pf«k»« ife* 
oi FcyR III and FctRH" " "U** tk " *•« 
m ,. cooperate and that Ihe type of membrane e-efcor » »« i™ 
„ m nxcki.itn whereby the fuactloaal capacity of tnrfeee r. 




The major Fc receptor In blood has 
a phosphatidylinositol anchor and is 
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Fc rece»<on o. phagocytic cell, i. the blood media.e binding "* 
clearance of immune complexes phagocytosis of .nt.body-opson- 
iied mieroorg.ni™*, and po.e.lly trigger effector faction*, 
including superoxide anion production and aBtibody-depeade« 
cellular cytotoxicity. The Fc receptor type III (FcyR HI, CD1S), 
present i. 135,000 rite* per ceil 1 oat neutrophil* and accounting 
ror moat of FcR in blood, unexpectedly has a phospbatidylinositol 
glycaa (PIG) membrane anchor. Deficiency of FcyR III i* observed 
?n paroxysmal nocturnal haemoglobinuri. (PNH), an acquired 
abnormality of haematopoietic cell* 1 affecting PIG tail biosyn- 
thecif or attachment 1 , and if probably responsible for circulating 
immune complexes' and ju*«p(ibility »« bacterial infection* 
ucocJated witfc thi* disease*. Although a growing number or 
eukaryotic cell-furf.ee protein* with PIG-tail* are being 
describe** 1 , none ha* thu* far Keen implicated i* r 
xed endocytosi* or In Iriggerinf of cell-meduied 
finding* on the Fc-yR HI raise the question of how i 



Three different type, of FcyR neve been di.tingui.hed in 
human* using monoclonal antibodies" (mAb). j*?* '» 

found on neutrophiU, large granular lymphocyte*. and 
macrophage*, but not on monocyte*. Fc-yR HI *« first identified 
with ■ mAb (3G8) that blocked immune complex binding to 
neutrophil* 1 and .ub.equently with other mAb of the CD16 
chi.teA FcyR H (C0w32) i. a 40K receptor on m*"!** 
monocyte*, eosinophil., platelet, and B cell," FcyR I ■ » WK 
protein and i* found on monocytes". FcyR 111 and FcyR II 
have low affinity for monomeric IgO and ^preferentially 
bind immune complexes by multiple receptor-hgend mterec- 
tion*. whereas FcyRt i* sufficiently high affinity to bind 

monomeric IgG. 

Our first evidence that FcyR HI u anchored by PIG came 
rrom studie. on leukocyte* from patient, with paitixysmal noc- 
mmal haemoglobinuri. (PNH). PNH a an acquired Refect of 
haematopoietic precursor cell* m e.ther the b.o«ynth«.s of he 
attachment of the PIG tail and may affect clonal progeny in the 
erythroid, monocytic, granulocytic, and thrombocytic 
lineage** " ". Previou* studies on erythrocyte* and leukocyte, 
from PNH patients have demonstrated a selective defiaency of 
PIG-tailed proteins, including decay accelerating factor (DAF), 
.cetylcholinesterese, alkaline phosphatase and the PIG- 
.nchored form of lymphocyte function-as*oci»ted antigen 3 
(LFA-3), (ref. 3, 6 and 7). The deficiency of DAF accounts for 
susceptibility of erythrocytes to complement-mediated lysis m 
PNH. However none of these previously identified deficiencies 
can explain the occurrence of circulating immune complexes 
and the 20% and 50% of mortalities caused by bacterial infec- 
tions and thrombosis respectively 5 . 

Quantitation of FcyR 111 expression u*ing immunofluores- 
cence flow cytometry show that it is markedly deficient on PNH 
neutrophils (Fig. la). This deficiency wa» found in all six 
patient, studied (D.E.. S.B.. J.M., I.E., B.I, C.G.) and result* 
with five different CDI6 (FcyR HI) mAb were identical. Some 
patients such a* J.E. (Fig. la, curve 3) showed normal as well 
as deficient granulocyte clones. Patient, showed consistent vari- 
ation in the extent of deficiency in the abnormal clone. The 
amount of FcyR III expression on affected cells ranged from 
2% (patient D E.) to 19% (patient I.E.) averaging 7% of normal, 
perhaps reflecting the degree of penetrance of the acquired 
defect in PNH. In all cases, deficiency of FcyRJH paralleled 
deficiency of DAF. In contrast, deficient neutrophil* «PT""* 
normal level.of HLA-A,B.LFA-l,M.c-l and FcyR n(CDw32 
(Fig lo). PNH monocytes showed normal expression ol FcyR 
and II, although they were deficient in DAF (Fig. 16) These 
results suggested that the neutrophil FcyR HI ha* a PIG tail, 
whereas the FcyR I and FcyR II do not 

PIG-anchored proteins can be specifically cleaved frorn cell 
surfaces with phosphatidylinositol-specific phospholipase C • 



(PI PLC). We therefore investigaied the susceptibility of Fc 
receplors to PI PLC (Table 1). PI PLC released 75-84% of the 
cell .urface FcyR III and DAF from healthy granulocytes, while 
FcyR II, HLA-A.B and LFA-1 were unaffected. On monocytes, 
PIPLC released 84% of DAF whereas it had no effect on 
FcyR II. FcyR I, HLA-A.B and LFA-1. Results with PIPLC 
prepared from 5. aureus and ft l/n/ring/enrlj were identical and 
show (hat FcyR III on neutrophils, but not FcyR II on the same 
cells or FcyRl and 11 on monocytes, have PIG anchors. Lack 
of a PIG anchor on FcyR II is consistent with the prediction 
(from cDNA sequence") that it possesses a transmembrane 
domain and a 76 residue hydrophilic cytoplasmic tail. 
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